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Palavras-chave H´ıbrido orgaˆnico-inorgaˆnico, camada luminescente por desvio descen-
dente de energia, concentradore solare luminescente, fibra o´tica de pla´stico,
corantes orgaˆnicos, io˜es lantan´ıdeos, eficieˆncia o´tica de conversa˜o, eficieˆncia
quaˆntica externa, sustentabilidade.
Resumo O desfasamento entre o espetro AM1.5G e o espetro de absorc¸a˜o das ce´lulas
fotovoltaicas e´ um fator cr´ıtico que limita o desempenho das mesmas. De
forma a ultrapassar isto, diversas aproximac¸o˜es teˆm sido propostas. Entre
elas, teˆm sido enfatizadas as camadas luminescentes por desvio descendente
de energia, dispositivos capazes de melhorar o desempenho em condic¸o˜es de
operac¸a˜o espec´ıficas, e os concentradores solares luminescentes, considera-
dos uma tecnologia complementar a` das ce´lulas fotovoltaicas para utilizac¸a˜o
em ambientes urbanos.
As camadas luminescentes por desvio descendente de energia sa˜o revesti-
mentos diretamente depositados no topo de ce´lulas fotovoltaicas capazes de
absorver a radiac¸a˜o incidente complementar a` que as ce´lulas fotovoltaicas
absorvem e subsequentemente reemitem-na com um comprimento de onda
espec´ıfico que e´ refratado/refletido ate´ a` ce´lula fotovoltaica. Os concen-
tradores solares sa˜o dispositivos compostos por uma matriz transparente
incorporando centros o´ticos ativos que absorbem a radiac¸a˜o incidente, que
e´ posteriormente reemitida com um comprimento de onda espec´ıfico e trans-
portada por reflexa˜o interna total ate´ a` ce´lula fotovoltaica localizada nas
extremidades da matriz. Esta configurac¸a˜o permite a produc¸a˜o de disposi-
tivos fotovoltaicos embebidos em fachadas de edif´ıcios e janelas, permitindo
que estes sejam transformados em unidades de produc¸a˜o de energia, con-
tribuindo para o desenvolvimento de edif´ıcios de energia zero.
O principal objetivo deste trabalho consiste no fabrico e caracterizac¸a˜o de
h´ıbridos orgaˆnicos-inorgaˆnicos com espessura e ı´ndice de refrac¸a˜o controla-
dos utilizando polimetil-metacrilato, di- e tri-ureasil incorporando diferentes
io˜es lantan´ıdeos, nomeadamente Tb3+, Eu3+, Y b3+ and Nd3+, e corantes
orgaˆnicos como Rodamina 6G, Rodamina 800, Sil´ıcio 2,3-naftalocianina
bis(trietil siloxano), clorofila e R-ficoeritrina cuja emissa˜o varia entre o vis´ıvel
e o infravermelho pro´ximo. Concentradores solares luminescentes com ge-
ometria planares e cil´ındrica foram estudados. A geometria cil´ındrica per-
mite que o efeito de concentrac¸a˜o seja superior, quando comparado com
a geometria planar, uma vez que a raza˜o entre a a´rea exposta e a a´rea
das extremidades aumenta. A geometria cil´ındrica e´ explorada, atrave´s
da produc¸a˜o de concentradores solares luminescentes em fibra o´tica de
pla´stico onde a camada o´tica ativa se encontra no interior da fibra, como um
preenchimento do nu´cleo oco. A possibilidade de aumentar a a´rea exposta
foi, tambe´m, abordada atrave´s do fabrico de uma matriz de concentradores
solares luminescentes colocados lado a lado com diferentes geometrias da
bainha. Para ale´m disso, as propriedades o´ticas dos corantes orgaˆnicos nat-
urais, que teˆm sido pouco exploradas na literatura, foram alvo de estudo
atrave´s da incorporac¸a˜o de mole´culas de clorofila e de R-ficoeritrina como
centros o´ticos em concentradores solares luminescentes. Os resultados ex-
perimentais mais relevantes foram validados atrave´s de simulac¸o˜es baseadas
no me´todo de Monte-Carlo.
Key-words Organic-inorganic hybrid, luminescent down-shifting layer, luminescent
solar concentrator, plastic optical fibre, organic dyes, lanthanide ions,
optical conversion efficiency, external quantum efficiency, sustainability.
Abstract The mismatch between the AM1.5G spectrum and photovoltaic cell absorp-
tion is one of the critical factors limiting their performance. To overcome it,
several approaches have been proposed. Among them, emphasis is given to
luminescent down-shifting layers, additive devices that are able to enhance
performance under typical operation conditions, and to luminescent solar
concentrators, a complementary technology to PV cells for use in urban
environments.
Luminescent down-shifting layers are coatings that are directly deposited
on the surface of photovoltaic cells, and absorb the incident radiation that
is not absorbed by photovoltaic cells, subsequently re-emitting it at a spe-
cific wavelength and refracting/reflecting it towards the photovoltaic cell.
Luminescent solar concentrators are devices comprising a transparent ma-
trix incorporating optically active centres that absorb the incident radiation,
which is then re-emitted at a specific wavelength and transferred by total
internal reflection to photovoltaic cells located at the edges of the matrix.
This configuration enables photovoltaic devices to be embedded in building
facades or windows, allowing them to be transformed into energy harvesting
units, contributing for the development of zero-energy buildings.
This thesis aimed to produce and characterize transparent organic-
inorganic hybrids with controlled thickness and refractive index using
poly(methyl methacrylate), di- and tri-ureasils incorporating different lan-
thanide ions, namely Tb3+, Eu3+, Y b3+ and Nd3+, and the fol-
lowing organic dyes: Rhodamine 6G and Rhodamine 800, silicon 2,3-
naphthalocyaninebis(trihexylsilyloxide), chlorophyll and R- phycoerythrin
molecules with emission tuned from the visible to NIR spectral regions.
LSCs with planar and cylindrical geometry are studied. The use of the
cylindrical geometry allows the effect of concentration to be higher when
compared with the planar geometry, since the ratio between the exposed
area and the area of the edges is increased. The cylindrical geometry con-
centrators are produced from plastic optical fibres with hollow cores, where
the optically active layer was injected. The exposed area was further op-
timised through the production of bundles of LSCs, in which optical fibres
with different cladding geometries were placed side by side. Finally, the
attractive properties of natural-based dye molecules for the production of
luminescent solar concentrators, which have been poorly explored, are also
studied through the incorporation of chlorophyll and R- phycoerythrin as
optically active centres. Key experimental results were also validated using
Monte-Carlo ray-tracing simulations.
Contents
Contents i
List of Figures v
List of Tables xix
1 Introduction 1
1.1 Luminescent down-shifting layers . . . . . . . . . . . . . . . . . . . . . . . . . 10
1.2 Luminescent solar concentrators . . . . . . . . . . . . . . . . . . . . . . . . . 20
1.3 Objectives of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
1.4 Organization of the thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
2 Fundaments and background 45
2.1 Working principle of down-shifting layers . . . . . . . . . . . . . . . . . . . . 45
2.1.1 Performance quantification . . . . . . . . . . . . . . . . . . . . . . . . 45
2.2 Working principle of luminescent solar concentrators . . . . . . . . . . . . . . 46
2.3 Radiation trapping . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
2.4 Performance quantification . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
2.4.1 Planar and cylindrical geometries . . . . . . . . . . . . . . . . . . . . . 50
2.4.2 Prototype coupled to photovoltaic cells . . . . . . . . . . . . . . . . . 54
3 Monte-Carlo ray-tracing simulations 59
3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59
3.2 Historical background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
3.3 Monte Carlo ray-tracing algorithm . . . . . . . . . . . . . . . . . . . . . . . . 66
i
CONTENTS
4 Optically active layers processing 71
4.1 Lanthanide doped PMMA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.1.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 72
4.1.2 Synthesis of 1-butyl-3-[3-(trimethoxysilyl)propyl]imidazolium chloride
([B(TMSP)Im]Cl) ionic liquid . . . . . . . . . . . . . . . . . . . . . . . 72
4.1.3 Ln3+-based complexes [NaLn(TTA)4], with Ln = Tb, Eu, Yb and Nd. 72
4.1.4 Synthesis of ionogel [B(TMSP]Im][Ln(TTA)4], with Ln = Eu, Tb, Nd
and Yb . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.1.5 Synthesis of PMMA-based materials doped with the ionogels
[B(TMSP]Im][Ln(TTA)4], with Ln = Tb, Eu, Yb and Nd . . . . . . . 74
4.2 Sol-Gel process . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.3 Synthesis of non-doped organic-inorganic hybrids: Di- and Tri-Ureasils . . . . 77
4.4 Doped organic-inorganic materials . . . . . . . . . . . . . . . . . . . . . . . . 78
4.4.1 Eu3+ doped organic-inorganic materials . . . . . . . . . . . . . . . . . 78
4.4.2 Dye doped organic-inorganic materials . . . . . . . . . . . . . . . . . . 80
4.4.3 Chlorophyll doped organic-inorganic materials . . . . . . . . . . . . . 81
4.5 R-PE based solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83
5 Transparent luminescent down-shifting layers and planar luminescent solar
concentrators 85
5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
5.2 Ln3+ based luminescent down-shifting layers and luminescent solar concentrators 87
5.2.1 Optical characterization of the optically active layers . . . . . . . . . . 87
5.2.2 Luminescent down-shifting layers . . . . . . . . . . . . . . . . . . . . . 91
5.2.3 Luminescent solar concentrators . . . . . . . . . . . . . . . . . . . . . 96
5.2.4 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100
5.3 SiNC based LSCs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
5.3.1 Structural and optical characterization of the optically active layer . . 103
5.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
6 Transparent and flexible luminescent solar concentrators 117
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
ii
CONTENTS
6.2 Optical characterization of the LSCs optically active layer . . . . . . . . . . . 120
6.3 Large area LSCs: bundle structures and planar devices . . . . . . . . . . . . . 128
6.4 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
6.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
7 Sustainable luminescent solar concentrators 135
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 136
7.2 Chlorophyll based luminescent solar concentrators . . . . . . . . . . . . . . . 139
7.2.1 Structural and optical characterization of the LSCs optically active layer139
7.2.2 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 160
7.3 R-PE based luminescent solar concentrators . . . . . . . . . . . . . . . . . . . 161
7.3.1 Optical characterization of the R-PE solutions as LSCs optically active
layer . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
7.3.2 Bundle of c-LSC and p-LSC . . . . . . . . . . . . . . . . . . . . . . . . 170
7.3.3 Modelling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
7.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
8 General conclusions and perspectives 177
9 Appendix A - Experimental techniques 183
9.1 X-ray diffraction (XRD) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
9.2 29Si magic-angle spinning (MAS) nuclear magnetic resonance (NMR) and 13C
cross-polarization (CP) MAS NMR spectra . . . . . . . . . . . . . . . . . . . 183
9.3 Thermogravimetric analysis (TGA) . . . . . . . . . . . . . . . . . . . . . . . . 184
9.4 Attenuated Total Reflectance (ATR)/Fourier Transform Infrared (FT- IR)
Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
9.5 UV/Visible Absorption . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
9.6 Photoluminescence Spectroscopy . . . . . . . . . . . . . . . . . . . . . . . . . 184
9.7 Absolute Emission Quantum Yield . . . . . . . . . . . . . . . . . . . . . . . . 184
9.8 Spectroscopic ellipsometry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
9.9 LSCs optical power . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
9.10 External quantum efficiency (EQE) measurements . . . . . . . . . . . . . . . 185
9.11 Optical microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
iii
CONTENTS
10 Appendix B - List of Publications 187
Bibliography 189
iv
List of Figures
1.1 (A) Historic and projected of the worldwide energy consumption by energy
source (in quadrillion Btu = 1.05505585× 1018 joules). Adapted from [1]. (B)
Solar energy potential relative to the world’s energy consumption and existing
fossil fuel resources. Adapted from [2]. . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Headlines of different newspaper reporting that Portugal was able to run for
four and a half days only on renewable energy. . . . . . . . . . . . . . . . . . 2
1.3 AM1.5G solar spectral irradiance spectrum. The shadowed areas represent
the fraction available for down-conversion (26 %, up to 550nm), down-shifting
(81 %, up to 1100nm) and up-conversion (16 % in the 1200-2500nm range)
processes for a c-Si wafer. The absorption curve of Si is also indicated [14]. . 4
1.4 Schematic representation of a solar cell with a (A) down-shifting layer and (B)
a luminescent solar concentrator. . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.5 (A) Photo of a rooftop systems with solar modules [26] and (B) a solar facade
in Bern, Switzerland [27]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
1.6 Photos of colourful buildings around the world. (A) The Kuggen in Gothen-
burg, Sweden [29], (B) Carabanchel 24 building in Madrid, Spain [30], (C)
MUSAC (Museo de Arte Contempora´neo de Castilla y Leo´n) in Leo´n, Spain
[31], (D) The Gherkin building in London, United Kingdom [32], (E) El Cap-
tivador in Alicante, Spain [33], (F) The Palais des congre`s de Montre´al in
Montre´al, Que´bec, Canada [34] and (G) Marina Bay Sands building in Singa-
pore [35]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
v
LIST OF FIGURES
1.7 Wearable PV devices and PV urban furniture. (A) Tommy Hilfiger Solar Cloth-
ing [40], (B) Solar Backpack from EPFL [41], (C) Solaires Solar-Powered Back-
packs Charge Gadgets on the Go [42], (D) Lux Solar-Panel Necklace Lights Up
Any Outfit [43], (E) Soofa ’smart bench’ [44], (F) eTree, Tree-like street furni-
ture [45] and (G) Solar-Powered Soldiers to Revolutionize Australian Combat
[46]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
1.8 (A) Photograph of the LSC noise barrier site. The barrier on the left faces
North/South, and the barrier on the right faces East/ West [49]. (B) Photo-
graph showing street art design on the surface of the LSC panel. Adapted from
[46]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
1.9 c-Si cell fabricated and coated with ethylene-vinyl acetate including [Eu(tta)3phen].
Top view (A) without illumination and (B) illuminated at a wavelength of 350
nm. Adapted from [61]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
1.10 Photograph of the polymer-QD composite placed on top of a c-Si solar cell.
The photo has been taken under 366 nm UV illumination. Adapted from [51]. 14
1.11 Photo of layers with combined dyes, V570, and Y083 (from left to right) under
UV radiation (300-420nm). Adapted from [54]. . . . . . . . . . . . . . . . . . 16
1.12 Photograph of Eu3+-doped, Mn2+-doped and Eu3+-Mn2+ codoped samples,
from the left to right, respectively. Adapted from [78]. . . . . . . . . . . . . . 17
1.13 Photo the coating-free and a V570-doped LS-DSSC when irradiated with UV
radiation. Adapted from [64]. . . . . . . . . . . . . . . . . . . . . . . . . . . . 18
1.14 Photo of the OPV with an Ag(POP) LDS applied on the radiation incident
surface under (A) white light and (B) UV illimunation. Adapted from [99]. . 19
1.15 Photo of a YVO4:Eu
3+ phosphor layer coated on quartz substrate recorded
under UV (300nm) illumination. Adapted from [84]. . . . . . . . . . . . . . . 20
vi
LIST OF FIGURES
1.16 Operating principle of a LSC. (A) Radiation incident on the LSC is absorbed by
the luminophores and re-emitted at longer wavelengths. The emitted photons
are propagated through the waveguide by total internal reflection, resulting in
concentration of the emission at the slab edges. The concentrated emission can
be used to sensitize an optically matched PV cell, placed at one, some or all of
the edges. (B) Primary processes and losses occurring in a planar LSC. Waveg-
uide losses include absorption, reflection and scattering of the incident sunlight
at the surface or internal defects, or complete transmission. Luminophore losses
include low absorption or emission efficiencies (e.g., due to non-radiative relax-
ation), reabsorption of emitted photons by neighboring molecules or emission
of photons within the escape cone of the waveguide. Adapted from [16]. . . . 21
1.17 Photohraphs of LSCs containing (A) three oligofluorene-BODIPY donoraccep-
tor systems photoexcited at 365 nm, adapted from [125], and (B) chlorophyll
molecules under AM1.5 illumination, adapted from [128]. . . . . . . . . . . . 23
1.18 The optimum shape of a LSC is a triangle with a right angle at the apex. Two
sides are mirror coated. The concentrated energy is obtained at the hypotenuse
with length l. Adapted from [161]. . . . . . . . . . . . . . . . . . . . . . . . . 26
1.19 Schematic representation of the operating principle of a semi-transparent, colour-
less luminescent solar concentrator in which the coating re-emits absorbed sun-
light that is waveguided by total internal reflection to the edges of the coated
glass where PV cells convert the radiation to electric power. Adapted from [184] 30
1.20 (A) Photograph of a QD-PMMA based LSC comprising CdSe/CdS QDs illu-
minated ate 365nm, (B) under ambient illumination and (C) the same LSC
during measurements of the concentration factor with illumination from a solar
simulator(AM1.5G). Adapted from [170] . . . . . . . . . . . . . . . . . . . . . 31
1.21 Graphic showing a typical transmission electron micrograph of giant CdSe/CdS
QDs, incorporated into a traditional luminescent concentrator (on top) and the
luminescent concentrator cavity (with mirror). Adapted from [185] . . . . . . 32
1.22 Graphic showing a typical transmission electron micrograph of giant CdSe/CdS
QDs, incorporated into a traditional luminescent concentrator (on top) and the
luminescent concentrator cavity (with mirror). Adapted from [185] . . . . . . 33
vii
LIST OF FIGURES
1.23 Synthesis and characterization of LR305-di-ureasil planar waveguides. (A)
Schematic representation of the LSC fabrication. In the first step, the precur-
sors Jeffamine ED-600 and ICPTES are reacted to obtain di-ureapropyltriethoxysilane
(d-UPTES). Following the dissolution of the luminophore, LR305, in d-UPTES,
acid-catalyzed hydrolysis and condensation of the siliceous network is initiated
to obtain the LR305-d-U(600) LSC. (B) Optical power spectra of doped LR305-
d-U(600) LSCs with a dark absorbing background, averaged over all four edges.
(Inset) Variation of the experimental optical (red squares) efficiencies of the
LSCs with a dark background, determined over the 300-800nm spectral range,
with respect to the LSC absorbance. Adapted from [155]. . . . . . . . . . . . 34
1.24 Photographs of (A) solid and (B) hollow cylindrical LSCs using NIR PbS QDs
with different sizes. The scale represents 1.0 cm. Adapted from [180]. . . . . . 36
1.25 Schematic models for two fibre luminescent solar concentrators: Rhodamine 6G
doped POF and Eu(tta)3phen doped POF. In the first one, there is an energy
transfer between the luminescent dyes, resulting in a serious self-absorption
loss. In the second one, no such energy transfer occurs. Adapted from [191] . 36
1.26 Luminescent solar concentrators with flat plate and cylindrical geometries.
Adapted from [3]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
1.27 Photograph of the fibre LSC under UV illumination. Adapted from [159]. . . 38
1.28 Bulk-coated and hollow-core PMMA-based optical fibres (POFs). (A) Schematic
representation of POF structure. The LSC layer is a Rh6G (red circle) doped
ureasil hybrid coated at the surface of the POFs or embedded into its hollow
core. (B) Photographs of bulk-coated and hollow-core POFs under illumina-
tion with white light and at 365nm. The arrows indicate the active layer; scale
bars of 5×10−4m. (C) Outdoor photographs of bulk-coated POFs. Scale bars
of 10−3m. Adapted from [158]. . . . . . . . . . . . . . . . . . . . . . . . . . . 39
1.29 Photographs of (A) flat 100×100 mm2 LSC prototype with four PV cells (each
strip consists of c-Si PV cells with two PV cells) and (B) bent 157× 100 mm2
LSC prototype with six PV cells. Adapted from [193] . . . . . . . . . . . . . 40
viii
LIST OF FIGURES
2.1 (A) Schematic representation of the working principle of a LSC. (B) Photo-
luminescence processes employed in spectral converters and their integration
with PV cells to form luminescent solar devices. Simplified energy level dia-
grams for down-shifting (DS), down-conversion (DC) and up-conversion (UC).
DS converters absorb a single high energy UV/blue photon and convert it to an
emitted photon of lower energy. In DC, a single high energy photon is down-
converter into two (or more) lower energy photons. Conversely, UC materials
absorb two (or more) low energy photons and convert them to one emitted
high energy photon. Adapted from [16]. . . . . . . . . . . . . . . . . . . . . . 46
2.2 Schematic representation of the working principle of a LSC and of the main
loss mechanisms: 1) total internal reflection; 2) radiation emitted through the
escape cone; 3) re-absorption of the emitted radiation by an optical active cen-
tre (solid sphere); 4a) non-absorbed radiation; 4b) non-radiative deactivations;
5a) surface reflection; 5b) internal waveguide scattering; 5c) self-absorption;
5d) surface scattering. Although not represented for simplicity, the photosta-
bility of the emitting centres could also be a loss source in LSCs. Adapted
from [23]. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47
2.3 Schematic representation of total internal reflection principle. . . . . . . . . . 47
2.4 Schematic representation of the cross-section of example LSCs with (A) ∆n2,3 <
0 and (B) ∆n2,3 > 0, with the escape cones and radiation trapped in the sub-
strate and in the optically active layer (orange) and only in the hybrid (brown).
The critical angles θc are also indicated. . . . . . . . . . . . . . . . . . . . . 48
2.5 Calculated percentages of the AM1.5G solar spectrum emitted between 300nm
and 500nm. Adapted from [5]. . . . . . . . . . . . . . . . . . . . . . . . . . . 53
2.6 Reflectance curve of the reflective tape used on the p-LSC. . . . . . . . . . . 57
2.7 Diagram of (A) PV cell coupling to the LSC-based bundle and (B) photodiode
coupling to the LSC where the numbers stand for 1) mounting hole, 2) PV
detector, 3) lens, 4) housing, 5) locking nut and 6) cylindrical LSC. The scale
refers to the device dimensions. . . . . . . . . . . . . . . . . . . . . . . . . . . 57
ix
LIST OF FIGURES
3.1 Schematic representation of a LSC, where can be seen the path of a useful
light ray. P corresponds to the point of incidence of the solar ray, and Q
is the point where it is absorbed and reemitted by the dye (λ exchanges to
λ′). Some geometrical parameters are also indicated, d is the thickness and
L is the length. θ and Φ are the angular coordinates (incidence and azimuth,
respectively). Adapted from [231]. . . . . . . . . . . . . . . . . . . . . . . . . 64
3.2 Illustration of radiation propagation in LSC with (A) quantum dots and (B)
nanorods. Adapted from [209]. . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.3 Illustration of radiation propagation in LSC with (A) quantum dots and (B)
nanorods. Adapted from [209]. . . . . . . . . . . . . . . . . . . . . . . . . . . 66
3.4 LSC Monte Carlo ray-tracing flow chart. . . . . . . . . . . . . . . . . . . . . . 68
4.1 Schematic structure of the non-hydrolysed Ln3+-based ionogels [B(TMSP)Im][Ln(TTA)4]
with Ln = Tb, Eu, Yb or Nd. . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
4.2 Schematic structure of the PMMA. . . . . . . . . . . . . . . . . . . . . . . . . 74
4.3 Schematic representation of the synthesis of the non-hydrolyzed precursor of
d-U(600). Adapted from [240]. . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.4 Schematic representation of the synthesis of the non-hydrolyzed precursor of
t-U(5000). Adapted from [241]. . . . . . . . . . . . . . . . . . . . . . . . . . . 78
4.5 Scheme of the molecular structures of the (A) Eu(tta)3 · 2H2O complex, (B)
Rhodamine 6G, (C) Rhodamine 800 and (D) SiNc organic dyes. . . . . . . . . 79
4.6 Scheme of the molecular structures of chl-a and chl-b. . . . . . . . . . . . . . 81
x
LIST OF FIGURES
5.1 (A) Emission spectra excited at 360nm for PMMA-Tb-20 (green squares)
and 380nm for PMMA-Eu-10 (red dots), PMMA-Eu-20 (light blue dashes),
PMMA-Yb-20 (brown circles) and PMMA-Nd-20 (black line). The orange line
is the normalized response curve of c-Si photovoltaic devices. (B) Excitation
spectra for PMMA-Tb-20 monitored at 545nm, PMMA-Eu-10 and PMMA-Eu-
20 monitored at 612nm, PMMA-Yb-20 monitored at 978nm and for PMMA-
Nd-20 monitored at 1062nm. The transition around 530nm 4I9/2 →4G7/2,
4G9/2 and the transition around 580nm
4I9/2 →4G5/2, 2G7/2 are Nd3+ related
transitions [262]. (C) Absorption spectra for PMMA-Tb-20, PMMA-Eu-10,
PMMA-Eu-20, PMMA-Yb-20 and PMMA-Nd-20 (the colour code is the same
as in (A)). and AM1.5G photon flux. . . . . . . . . . . . . . . . . . . . . . . 88
5.2 Room temperature emission decay curves for (A) PMMA-Eu-10, (B) PMMA-
Eu-20, (C) PMMA-Tb-20, (D) PMMA-Yb-20 and (E) PMMA-Nd-20 excited
at 380nm and monitored at 612, 544, 1062 and 978nm, respectively. The solid
lines represent the best fit to the data (r2 > 0.99) using a single exponential
function. The respective residual plots are shown on the right-hand side. . . . 90
5.3 Photographs of the (A) bare c-Si PV cell under AM1.5G and (B) UV radiation
at 365nm and of the PMMA-Eu-10 LDS layer deposited on a c-Si PV cell
under (C) AM1.5G and (D) UV radiation at 365nm. . . . . . . . . . . . . . . 92
5.4 Total (solid lines) and diffuse (dashed lines) reflectance of the bare PV cells
(black line) and of the PV cells with (A) PMMA-Tb-20, (C) PMMA-Eu-10,
(E) PMMA-Yb-20 and (G) PMMA-Nd-20 LDS layers. Haze factor of (B)
PMMA-Tb-20, (D) PMMA-Eu-10, (F) PMMA-Yb-20 and (H) PMMA-Nd-20
LDS layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
5.5 ISC and EQE curves of the bare PV cell and of the PV cell with (A, B) PMMA-
Tb-20, (C, D) PMMA-Eu-10, (E, F) PMMA-Yb-20 and (G, H) PMMA-Nd-20,
respectively. LDS layers with thickness of 1.6 ± 0.1µm. The insets show the
coated PV cells under UV radiation at 365nm. . . . . . . . . . . . . . . . . . 94
5.6 V-I curves of the bare PV cells and of the PV cells with the (A) PMMA-Tb-20,
(B) PMMA-Eu-10, (C) PMMA-Yb-20 and (D) PMMA-Nd-20 LDS. . . . . . . 95
xi
LIST OF FIGURES
5.7 Photos of the produced LSCs based on (A) PMMA-Tb-20 under UV radiation
at 365nm, (B) PMMA-Tb-20 under AM1.5G, (C) PMMA-Eu-10 under UV
radiation at 365nm, (D) PMMA-Eu-10 under AM1.5G, (E) PMMA-Eu-20
under UV radiation at 365nm, (F) PMMA-Eu-20 under AM1.5G, (G) PMMA-
Yb-20 and (H) PMMA-Nd-20 under UV radiation at 365 nm (scale bar, 2 cm). 97
5.8 Ellipsometric parameters Is (open circles) and Ic (open triangles) measured
for (A) PMMA, (B) PMMA-Tb-20, (C) PMMA-Eu-10, (D) PMMA-Eu-20,
(E) PMMA-Yb-20 and (F) PMMA-Nd-20. The solid lines represent the data
best fit. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98
5.9 Dispersion curves for measured for PMMA, PMMA-Tb-20, PMMA-Eu-10,
PMMA-Eu-20, PMMA-Yb-20 and PMMA-Nd-20. . . . . . . . . . . . . . . . . 98
5.10 Emission of the LSCs collected at the edges of the LSCs based on (A) PMMA-
Tb-20, (B) PMMA-Eu-10, (C) PMMA-Eu-20, (D) PMMA-Yb-20 and (E)
PMMA-Nd-20. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99
5.11 Monte Carlo ray-tracing short-circuit current as function of the wavelength
comparing the performance of a bare PV cell and a PV cell with a PMMA-Eu-
10 LDS layer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.12 XRD patterns of (A) M/t-U(5000)/SiNc and (B) M/t-U(5000). . . . . . . . . 104
5.13 (A) 29Si MAS NMR spectrum of M/t-U(5000)/SiNc. The deconvolution using
a sum of Gaussian functions (shadowed areas) ascribed to T1, T2, T3 and Q
silicon environments, and the overall fit R2 > 0.99 (circles) are also shown.
(B) Residual plot of the overall fit. (C) 13C CP/MAS NMR spectrum of M/t-
U(5000)/SiNc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105
5.14 TGA curve of M/t-U(5000)/SiNc (black line) and of t-U(5000) (red line). . . 106
5.15 ATR/FT-IR spectra (solid line) and curve-fitting results R2 > 0.99 (circles)
of (A) M/t-U(5000) and (C) M/t-U(5000)/SiNc. (B) and (D) are the residual
plots of the overall fit presented in (A) and (C), respectively. . . . . . . . . . 106
5.16 Refractive index dispersion curve of F/t-U(5000)/SiNc. . . . . . . . . . . . . . 108
5.17 Absorption spectra of M/t-U(5000)/SiNc, F/t-U(5000)/SiNc and SiNc in THF
solution. The inset shows a magnification of the absorption peak in the NIR
spectral region. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
xii
LIST OF FIGURES
5.18 Emission spectra excited at 365nm of M/t-U(5000)/SiNc, F/t-U(5000)/SiNc
and SiNc in THF solution (left axis) and spectral relative response for the c-Si
PV device provided by the manufacturer, IF D91, Industrial Fiber Optics, Inc.
(right axis). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 109
5.19 Emission spectra (excitation at 350nm) of (A) SiNc in THF solution (green
dots), M/t-U(5000)/SiNc (black line) and F/t-U(5000)/SiNc (pink triangles).
The inset shows a magnification of the 395 to 545nm spectral range. (B)
Emission spectra (excitation at 350nm) of non-doped M/t-U(5000). . . . . . 110
5.20 Absorption spectra used to calculate the molar extinction coefficient of (A)
SiNc in THF solution and (B) F/t-U(5000)/SiNc deposited as thin film (t =
2.0± 0.2× 10−5m). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
5.21 Absorption spectrum of F/t-U(5000)/SiNc) (left axis) and AM1.5G photon
flux (right axis). The shadowed area represents the overlap integral O. . . . . 112
5.22 Emission decay curves of (A) SiNc in THF solution, (B) M/t-U(5000)/SiNc and
(C) F/t-U(5000)/SiNc. The solid lines represent the data best fits (r2 > 0.99)
obtained using a single exponential function. The respective residual plots are
shown on the right side. All the decay curves were recorded exciting at 329nm
and monitoring the emission at 782nm. . . . . . . . . . . . . . . . . . . . . . 113
5.23 Photographs of (left) F/t-U(5000)/SiNc and (right) M/t-U(5000)/SiNc under
UV illumination (scale bar, 1 cm). The photographs were taken using a webcam
to which the infrared filter was manually removed, and using a negative film
as a filter in the visible spectral region and the photographs were enhanced by
a false colour rendering method (pseudocolour). . . . . . . . . . . . . . . . . . 113
5.24 Experimentally measured EQE curves for c-Si PV cell in the standard configu-
ration coupled to the t-U(5000)/SiNc-based LSC (left axis) and in the absence
of any LSC (right axis). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 114
xiii
LIST OF FIGURES
6.1 Schematic representations of the fabricated (A) cylindrical LSCs made of hollow-
core POFs assembled in a bundle structure, with magnification of the edge of
one fibre, where y1 = 1.1 × 10−3m, y2 = 1.5 × 10−3m, and t = 1.3 × 10−3m
and of the (B) planar LSC composed of two PMMA and one hybrid layers.
The bundle and planar LSCs dimensions are l = 10× 10−2m, w = 2× 10−2m
and the thickness= t is indicated in the figure. The optical active layer is the
Ln3+, Rh6G- or Rh800-doped t-U(5000) organic-inorganic hybrid embedded
into the (A) fibre hollow core or (B) in the middle of the two PMMA slabs.
The chemical structure of the (C) tri-ureasil organic-inorganic non-hydrolysed
precursor is also presented. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 119
6.2 Fabricated (A,B) Eu-, (C,D) Rh6G- and (E,F) Rh800-LSCs under UV radiation
at 365 nm (top) and solar simulator AM1.5G (bottom). The inset on (F) is a
photograph of the Rh800-LSC taken with an infrared camera. . . . . . . . . . 120
6.3 Cross-section optical microscopy images of the (A,B) Eu-, (C,D) Rh6G- and
(E,F) Rh800-LSCs under white light illumination (A,C,E) and UV irradiation
at 365nm (B,D,F). Hyperspectral images of selected areas of (G) Eu-, (H)
Rh6G- and (I) Rh800-LSCs and the corresponding emission spectra measured
in the core and cladding regions. . . . . . . . . . . . . . . . . . . . . . . . . . 121
6.4 (A) Emission spectra excited at 370, 480 and 620 nm for Eu- (red circles),
Rh6G- (orange diamonds) and Rh800-LSCs (blue triangles), respectively. The
green line is the normalized response curve of c-Si photovoltaic devices. (B)
Absorption spectra for Eu-, Rh6G- and Rh800-LSCs and AM1.5G photon flux
(the colour code is the same than in (A)). . . . . . . . . . . . . . . . . . . . . 122
6.5 Excitation spectra monitored at 615, 590 and 715nm for Eu-LSCs (red circles),
Rh6G-LSCs (orange diamonds) and Rh800-LSC (blue triangles), respectively. 123
6.6 Ellipsometric parameters Is (circles) and Ic (triangles) measured for the active
layer of (A) Eu-LSC, (r2 > 0.498), (B) Rh6G-LSC (r2 > 0.404) and (C)
Rh800-LSC (r2 > 0.948), (D) POF (r2 > 0.928), and (E) undoped t-U(5000)
(r2 > 0.633). The lines represent the best data fit. . . . . . . . . . . . . . . . 124
6.7 (A) Refractive index dispersion curves of the LSC optically active layers and
PMMA and (B) trapping efficiency (nt) as function of the ratio r/R (Eq. 2.4). 125
xiv
LIST OF FIGURES
6.8 (A) Solar simulator AM1.5G spectrum, (B) spectrum measured at the edges of
the Rh6G-based LSC and (C) the ratio between them showing the contribution
of the optically active layer emission. . . . . . . . . . . . . . . . . . . . . . . . 126
6.9 Output power as function of the distance measured in the piano test [172].
The solid lines correspond to the data best fit (r2 > 0.90). The data is in
logarithmic scale. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
6.10 Photographs of bundles of (A,B) Eu-LSCs, (C,D) Rh6G-LSCs, (E,F) Rh800-
LSCs and (G,H) Eu-, Rh6G- and Rh800-LSCs simultaneously under AM1.5G
radiation (top) and UV radiation at 365nm (bottom). The photograph on (E)
was taken with an infrared camera. . . . . . . . . . . . . . . . . . . . . . . . . 129
6.11 Cross correlation between the c-Si PV cell EQE when coupled to the bundles
and the excitation spectra of the active layers: bundles of (A) Eu-, (B) Rh6G-,
(C) Rh800-LSCs and of (D) Eu-, Rh6G- and Rh800-LSCs simultaneously. . . 130
6.12 Cross correlation between the photodiode EQE when coupled to the LSCs
and the excitation spectra of the active layers: (A) Eu-, (B) Rh6G- and (C)
Rh800-LSCs. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 130
6.13 Absorbance spectra of the Rh6G-based layer in the bundle-based LSC and in
the planar one. The spectra demonstrate that the thickness (t values in the
graph) of the optically active layer in each LSC was tuned to ensure a similar
radiation harvesting ability. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 131
6.14 Photographs of Rh6G-based planar LSCs under AM1.5G radiation from (A)
side and (B) top views. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 132
7.1 Representative scheme of the (A) planar Chl- and RPE-based LSCs attached
to the c-Si PV cells and (B) bundle RPE-based LSC where different cylindrical
POFs are stacked side by side.The arrows inside the LSC indicate total internal
reflection of the emitted radiation. The dashed arrows represent the PV cells
coupling or reflective tape region. . . . . . . . . . . . . . . . . . . . . . . . . . 137
7.2 XRD patterns of (A) d-U(600)- and (B) t-U(5000)-based hybrids. . . . . . . . 140
xv
LIST OF FIGURES
7.3 29Si MAS NMR spectra of (A) dU6-chl-2 and (C) tU5-chl-1. The spectral
fitting using a sum of Gaussian functions (shadowed areas) are ascribed to T1,
T2, T3 and Q silicon environments, and the overall fit (circles) is also shown.
(B,D) are the residual plot of the overall fits. . . . . . . . . . . . . . . . . . . 141
7.4 (A) ATR-FTIR spectra for d-U(600) and t-U(5000) hosts (black lines) and for
selected chl-doped hybrids (red lines). (B) and (C) are amplifications of the
amide I region. (D) Amide I fwhm peak as function of the chl concentration;
the dashed lines are visual guides. . . . . . . . . . . . . . . . . . . . . . . . . 142
7.5 ATR/FT-IR spectra for (A,C) d-U(600) and (B,D) t-U(5000) hybrids doped
and undoped with chlorophyll extract, over different ranges. . . . . . . . . . . 143
7.6 Absorption spectra of ethanolic solutions of chlorophyll with concentration
values of 3× 1016 (chl-1), 3× 1017 (chl-2) and 3× 1018 molecules·cm−3 (chl-3). 144
7.7 Absorption spectra of (A) chl-a, chl-b [315], and chlorophyll extract in an
ethanolic solution [105M ] and of (B) tU5-chl-3 and dU6-chl-3. . . . . . . . . 145
7.8 Photographs of (A,B) dU6-chl-3 and (C,D) tU5-chl-3 under (left) white light
and (right) UV illumination at 365nm. . . . . . . . . . . . . . . . . . . . . . 146
7.9 Emission spectra of (A) chl-a and chl-b in diluted [10−5M ] ethanolic solution
from [320, 321] and chlorophyll extract and (B) dU6-chl-4 and dU6-chl-1 ex-
cited at 360nm. Excitation spectra of (C) chl-a and chl-b in diluted [10−5M ]
ethanolic solution from [322] and chlorophyll extract and (D) dU6-chl-4 moni-
tored at 460nm and 675nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
7.10 Room temperature emission spectra of (A) dU6-chl-1, (B) dU6-chl-4, (C) tU5-
chl-1 and (D) tU5-chl-4 excited in the blue region (410-435nm). . . . . . . . 148
7.11 Emission spectra (11K) of dU6-chl-3 and tU-chl-3. . . . . . . . . . . . . . . . 148
7.12 Room temperature absorption (purple dashed line) and emission spectra of
(A) chl-2, (B) chl-3, (C) dU6-chl-2, (D) dU6-chl-3, (E) tU5-chl-2 and of (F)
tU5-chl-3 excited at 415nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 149
7.13 Room temperature excitation spectra monitored at different wavelengths for
(A) tU5-chl-1, (B) dU6-chl-4, (C) tU5-chl-1 and (D) dU6-chl-4. The spectra
for the ethanolic solutions (A,C) chl-1 [10−5M ] and (B,D) chl-4 [10−2M ] are
also shown. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
xvi
LIST OF FIGURES
7.14 Room temperature emission decay curves of (A) dU6-chl-1, (B) dU6-chl-3,
(C) tU5-chl-1 and (D) tU5-chl-3 excited at 390nm and monitored at 455nm,
640nm and 675nm. The solid lines represent the best fit to the data (r2 >
0.99) using a single exponential function. The respective residual plots are
shown on the right-hand side. . . . . . . . . . . . . . . . . . . . . . . . . . . . 151
7.15 (A) Photograph of dU6-chl-3 LSC (1×1 cm2) under AM1.5G illumination. (B)
Absorption spectra (left axis) for dU6-chl-2 (green line) and dU6-chl-3 (orange
line) and AM1.5G photon flux (right axis); the shadowed area represents the
overlap integral O; (C) 2D-cross correlation between the EQE (%) and the
excitation spectrum (PLE, a.u.) intensity for dU6-chl-2. . . . . . . . . . . . 153
7.16 Ellipsometric parameters Ic (black triangles) and Is (blue circles) measured for
the active layer of (A) d-U(600), (B) t-U5000, (C) dU6-chl-2, (D) tU5-chl-2,
(E) dU6-chl-3, (F) tU5-chl-3; the lines represent the best data fit (r2 > 0.9). . 155
7.17 Dispersion curve of the refractive index for the (A) d-U(600) and (B) t-U(5000)
based samples. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 156
7.18 Temporal relative variation of the short-circuit current of dU6-chl-2. . . . . . 158
7.19 (A) Monte Carlo ray-tracing optical conversion efficiency as function of the
LSC surface area and (B) predicted output electrical power (the shadow area
highlight the power vs surface required for low-voltage devices). . . . . . . . . 161
7.20 Emission spectra of the R-PE solutions excited at 498nm. . . . . . . . . . . . 163
7.21 (A) Excitation monitored at 580 nm and (B) absorption spectra of the R-PE
solutions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164
7.22 (A) Solar photon flux on Earth at AM1.5G, (B) absolute absorbance of RPE-2
(blue line), RPE-5 (red line) and RPE-9 (green line) and (C) integral overlap
between the solar photon flux and the absolute absorbance. . . . . . . . . . . 165
7.23 Photographs of the (A) c-LSC based on RPE-9 solution coupled to the PV
device, (B) bundle structure of c-LSCs based on RPE-6 solution and of (C)
p-LSC (with reflective tape) based on RPE-5 solution coupled to PV device
and under AM1.5G illumination (scale bars: 1× 10−2m). . . . . . . . . . . . 166
xvii
LIST OF FIGURES
7.24 (A) Cross-section optical microscopy images of the c-LSC under white light
illumination (scale bar: 3 × 10−4m), (B) hyperspectral image of a selected
area and (C) corresponding emission spectra measured in the core and PMMA
regions. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
7.25 Trapping efficiency (ηt) as function of the ratio r/R (Eq. 2.4). . . . . . . . . . 167
7.26 (A) Ellipsometric parameters Is (open circles) and Ic (open triangles) measured
for the glass cuvette. The solid lines represent the data best fit; (B) dispersion
curve of the cuvette glass of the p-LSC. . . . . . . . . . . . . . . . . . . . . . 168
7.27 Cross correlation between the photodiode EQE and the absorption spectrum of
the coupled LSC based of the illustrative examples of (A) RPE-1, (B) RPE-2,
(C) RPE-3, (D) RPE-4, (E) RPE-5, (F) RPE-6, (G) RPE-7, (H) RPE-8 and
(I) RPE-9 for LSCs with G ∼ 7. . . . . . . . . . . . . . . . . . . . . . . . . . . 169
7.28 Cross correlation between the photodiode EQE and the absorption spectrum of
the coupled LSC based of the illustrative examples of (A) RPE-1, (B) RPE-2,
(C) RPE-3, (D) RPE-4, (E) RPE-5, (F) RPE-6, (G) RPE-7, (H) RPE-8 and
(I) RPE-9 for LSCs with G ∼ 9. . . . . . . . . . . . . . . . . . . . . . . . . . . 170
7.29 Cross correlation between the PV cell EQE and the absorption spectrum of
the coupled p-LSC based on RPE-5. . . . . . . . . . . . . . . . . . . . . . . . 171
7.30 Electrical power output P elout as function of the incident optical power Pin for the
PV cell as used for the p-LSC and for the bundle structure of the c-LSCs (with
mask matching Ae), for 580nm incident radiation. The solid lines represent
the best data fit (r2 > 0.99). . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
xviii
List of Tables
1.1 Figures of merit for LDS layers applied on different PV cell types, where the
absolute power conversion efficiency (PCE (%)) achieved and the percentage
increase in PCE (∆PCE (%)) compared to the bare cell is also presented. . . 12
1.2 Figures of merit for LSCs with different architectures. . . . . . . . . . . . . . 28
4.1 Designation of the PMMA doped with Ln3+-based ionogels. . . . . . . . . . . 75
4.2 Designation of the organic-inorganic hybrids doped with organic dyes. . . . . 80
4.3 List, designation and chlorophyll concentration ([chl]) of the organic-inorganic
hybrids. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 82
4.4 Designation and R-PE concentration ([R-PE], M) of the aqueous solutions. . 83
5.1 Emission lifetime (τ , ×10−3 s) values of the PMMA-Ln-X excited at 380nm
and monitored at distinct wavelengths (λe). . . . . . . . . . . . . . . . . . . . 89
5.2 Integral overlap (O, ×1019 photons·s−1 ·m−2), absolute emission quantum yield
(q), molar extinction coefficient (ε, ×104M−1 ·cm−1) and brightness (B, M−1 ·
cm−1) of the fabricated samples. . . . . . . . . . . . . . . . . . . . . . . . . . 91
5.3 Reported absolute EQE increase in the UV spectral region for Ln3+-based LDS
layers. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
5.4 Thickness of the active layer of the LSCs deposited on glass determined by
spectroscopic ellipsometry. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 97
5.5 Reported ηopt (%) and PCE (%) values for Ln
3+-based planar LSCs. . . . . . 100
5.6 Reported ηopt (%) and η
′
opt (%) values for Ln
3+-based planar LSCs. . . . . . 103
xix
LIST OF TABLES
5.7 Photophysical parameters of SiNc in THF solution and processed as a monolith
and as a thin film. The excitation wavelength used for the measurement of the
absolute emission quantum yields is indicated in parenthesis. . . . . . . . . . 111
6.1 Comparison of the fibre-based LSC performance (ηopt and PCE) for devices
with analogous length (l) and diameter (y) and distinct geometries. . . . . . . 128
7.1 Emission lifetime values (τ ± 0.1, 10 ×−9 s) of the chlorophyll-based hybrid
materials excited at 390nm and monitored at distinct wavelengths (λe, nm) . 152
7.2 Integral overlap (O, ×1020 photons·s−1 · m−2), absolute emission quantum
yield (q), molar extinction coefficient (ε, ×105M−1 · cm−1) and brightness
(B, ×104M−1 · cm−1) of the chlorophyll-based organic-inorganic hybrids. The
subscript indexes in q, ε and B indicate the wavelength (nm). . . . . . . . . . 153
7.3 Molar extinction coefficient (ε) at 665nm for chlorophyll ethanolic solutions
and chlorophyll-doped hybrids. . . . . . . . . . . . . . . . . . . . . . . . . . . 154
7.4 Thickness values of the films prepared by spin-coating on a glass substrate. . 155
7.5 Emission peak wavelength (λem, nm) and ηopt (%) of red/NIR emitting LSCs
based on dyes and QDs embed in distinct hosts. ηopt values calculated from
a Eq. 2.14, b Eq. 2.19, c Integrating sphere and d no definition is men-
tioned. PMMA=poly(methyl methacrylate); DCJTB=4-(dicyanomethylene)-
2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-yl-vinyl)-4H-pyran; LR305= Lu-
mogen F-Red 305; PLMA=poly(lauryl methacrylate). . . . . . . . . . . . . . 157
7.6 PCE (%) values of single-layer planar LSCs coupled to different PV devices.
Ac-Tc=antracene-tetracene; PDMS=polydimethylsiloxane; C440=Coumarin 440;
DSF=disodium fluorescein; Alq3=tris-(8-hydroxyquinolinato) aluminium; PVB
=polyvinyl butyral; CRS040=fluorescence yellow dye. . . . . . . . . . . . . . 159
7.7 Typical values for the electrical power interval available at a USB port and
required to charge small electronic devices. The number and size of dU6-chl-
based LSCs needed are also indicated. ∗ Estimated minimum surface area for a
chl-based LSC (thickness of 1 cm) based on Monte-Carlo ray-tracing simulations.160
xx
LIST OF TABLES
7.8 Integral overlap (O, photons·s−1 ·m−2), molar extinction coefficient (ε, M−1 ·
cm−1), absolute emission quantum yield (q) and brightness (B, M−1 · cm−1)
as function of the R-PE concentration ([R-PE], M). The ε, q and B values
refer to 498nm. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 163
7.9 Optical conversion efficiency (ηopt, %) values of R-PE based c-LSCs made of a
single POF. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
7.10 Reported ηopt (%) and PCE (%) values for cylindrical (c-LSCs) and planar
(p-LSC) LSCs based on active centres dispersed in distinct liquid media. The
concentration ([ ], M) of the active enters on the liquid media, the LSC surface
area As (l × w, cm2) and geometrical gain (G) are also presented. . . . . . . . 172
7.11 Reported ηopt (%) and PCE (%) values for cylindrical LSCs in which the op-
tically active layer is incorporated as coating or filling of a POF or the layers
are moulded in the shape of a c-LSC. . . . . . . . . . . . . . . . . . . . . . . . 174
7.12 Simulated optical conversion efficiency values considering all the photons reach-
ing the edge (ηopt, %) and only the fraction of converted photons (η
′
opt, %) for
p-LSCs using R-PE solutions with different concentrations. . . . . . . . . . . 175
xxi
LIST OF TABLES
xxii
Chapter 1
Introduction
We are currently experiencing a growing demand for comfort and higher mobility which
has caused a huge increase in worldwide energy consumption. This trend has been observed
over the last 150 years, Figure 1.1A, and midterm exhaustion of fossil fuels is likely [1]. In
light of these facts, solving the global energy crisis is undoubtedly one of the major scien-
tific challenges facing mankind. It is thus imperative that alternative forms of energy are
developed, particularly those that can also reduce CO2 emissions [2].
Figure 1.1: (A) Historic and projected of the worldwide energy consumption by energy source
(in quadrillion Btu = 1.05505585×1018 joules). Adapted from [1]. (B) Solar energy potential
relative to the world’s energy consumption and existing fossil fuel resources. Adapted from
[2].
New technologies that efficiently harness renewable energy sources, such as the Sun, wind,
and tides are ackowledged to be the most viable solution. Solar energy seems to have great
potential to fulfill worldwide energy needs because solar irradiation on Earth is ∼ 14000 times
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larger than the world’s energy consumption. Accumulated over one year, the energy of solar
irradiance on Earth is much greater than that which can be produced by all known fossil
fuel resources. Figure 1.1B compares the energy potential of existing fossil fuel resources
and solar energy. The Sun is an abundant, environmentally friendly, inexhaustible source of
energy, which is available in every country particularly in those countries which are expected
to experience high economic and population growth in the coming decades [3]. One of the
major advantages of solar energy is that it can be captured and converted into electricity by
photovoltaic (PV) cells.
Although fossil fuels will continue to dominate the energy production landscape in the
coming years, it is expected that solar panel capacity will overtake that of nuclear energy. An
illustrative example of this tendency toward the use of renewable energy sources, Portugal was
in news reports across the world in May 2016, when it ran entirely on renewable energy for
107 consecutive hours, Figure 1.2. Additionally, in March 2018, the electricity produced from
renewable sources in Portugal was 4812 Gigawatts per hour (GWh), exceeding consumption
needs by approximately 165 GWh.
Figure 1.2: Headlines of different newspaper reporting that Portugal was able to run for four
and a half days only on renewable energy.
However, despite the development of photovoltaic systems over the last few decades, the
conversion of solar energy into electricity remains a daunting task because it is not efficient
enough and market competitive yet [4].
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Currently, the most efficient PV cells are based on III-V semiconductors [5], such as GaAs
(gallium arsenide) with a power conversion efficiency (PCE, defined as the ratio between the
output electrical power and the input optical power) of ∼ 29 % [6], and multilayered struc-
tures such as GaAs, GaInP (indium gallium phosphide), InGaAs (indium gallium arsenide),
GaInNAs (indium gallium arsenide nitride) and Ge (with PCE values as large as ∼ 46 %).
However, these cells are too expensive to be competitive [6]. Although presenting lower ef-
ficiencies, the most common PV cells are based on crystalline Si (c-Si), polycrystalline Si
(p-Si) and amorphous Si (a-Si) with PCE values of ∼ 28, ∼ 21 and ∼ 10 %, respectively [5, 6].
Si-based PV cells represent about 80 % of the market, and will remain dominant until more
efficient and cost effective PV technology is developed [7]. All-organic and dye-sensitized PV
cells are emerging as potential competitors to Si-based as they work under diffuse radiation
conditions, which is a significant advantage for integration into urban buildings because Si-
based PV cells do not work under such conditions [8]. However, these cells still have low
PCEs (maximum of ∼ 12 %) and high fabrication cost, when compared to Si-based cells.
Among the efforts to improve PV conversion efficiency, we highlight the emerging field of
perovskite-based PV cells, which has gained visibility in recent years due to unprecedented
increases in efficiency in a short period of time (∼ 6 years) [9, 10]. Recently, a record effi-
ciency of 23.6 % was reported for a tandem PV cell composed by perovskite and silicon [11].
Despite such promising advances, efficiency is still low, especially in the UV spectral region,
and their stability remains an issue since they degrade in ambient conditions, when exposed
to air, moisture and UV radiation [12, 13].
The major problem limiting the conversion efficiency in PV cells is the mismatch between
material-related absorption and the solar spectrum. The spectral distribution of sunlight at
Air Mass 1.5 global (AM 1.5G) consists of photons with wavelengths ranging from the ul-
traviolet (UV) to the infrared (IR) (280-2500nm, 0.5-4.4 eV ). Both c-Si and perovskite PV
cells display large external quantum efficiency (EQE) in the red/NIR spectral region (700nm
to 1100nm) because they are only able to use a relatively small fraction of solar photons,
Figure 1.3. This is due to the fact that each PV material responds to a narrow range of
solar photons, limited by the characteristic bandgap energy (Eg) of the material. Focusing
on the most used PV cell, which is made of single-junction c-Si and has a Eg of 1.1 eV , the
Shockley-Queisser limit imposes a conversion efficiency limit of ∼ 33 % (approximating the
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Figure 1.3: AM1.5G solar spectral irradiance spectrum. The shadowed areas represent the
fraction available for down-conversion (26 %, up to 550nm), down-shifting (81 %, up to
1100nm) and up-conversion (16 % in the 1200-2500nm range) processes for a c-Si wafer.
The absorption curve of Si is also indicated [14].
cell to a black body, at 300K, and the temperature of the Sun 6000K) [15]. Photogeneration
of charge carriers occurs when the device absorbs photons with energies that are greater or
equal to Eg. All photons with energy lower than Eg which reach the PV cell will be trans-
mitted through the device and lost. However, the absorption of photons with energy higher
than Eg is also inefficient, since the excess energy is lost as heat through non-radiative recom-
bination of photoexcited charge carriers [16]. The thermalization of photons with energies
exceeding Eg and the non-absorption of photons with energy below Eg means that a loss of
approximately 50 % of the solar energy reaching Si-based PV cells is lost when converted into
electricity. Another problem limiting the conversion efficiency of the PV cells is related with
the inefficiency of the PV cells under diffuse radiation conditions.
Different energy ranges in the solar spectrum can be used for PV conversion, as pictured
in figure 1.3. In the case of down-conversion, an incident high energy photon is converted
into two photons with lower energy, which can lead to an absolute emission quantum yield
(q) up to q ≤ 2. In up-conversion, two low energy photons are converted into one high energy
photon, q ≤ 0.5. Down-shifting is similar to down-conversion but in this case only one photon
is emitted, q ≤ 1.
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Down-converters or -shifters are placed on top of PV cells to absorb part of the solar
spectrum and re-emit at specific wavelengths, shifting the wavelength of UV and visible
photons toward the spectral region that is converted by the PV cell with high efficiency.
Up-converters absorb photons that are not used by the PV cell, shifting transmitted photons
from the IR to the near-infrared (NIR) or visible part of the spectrum: transmitted photons
are usually reflected back into the PV cell by a back reflector [17].
Inherent thermalization and non-absorption losses can be minimized using luminescent
materials as spectral converters [4]. This approach, termed third-generation solar photon
conversion, involves the incorporation of spectral converters [18–22] onto PV cells. It is
expected that spectral converters will help overcome the above-mentioned limitations of PV
cells, reducing the mismatch between the absorption and solar spectra, and increasing the
absorption of diffuse radiation. Spectral converters can be applied to existing PV cells in the
form of an active photoluminescent layer, whose purpose is to absorb radiation and convert
it to wavelengths that are more efficiently converted. Spectral converters do not require
modifications to the standard solar cell architecture or intrinsic device materials and, can be
easily optimized for specific types of solar cells through a wise selection of the incorporated
luminophore.
All spectral converters exploit the photoluminescence processes to capture low- or high-
energy photons that cannot be used by the bare PV cell and convert them to photons with
a useful wavelength. In this thesis, two types of spectral converters are studied: luminescent
down-shifting (LDS) layers and luminescent solar concentrators (LSCs), Figure 1.4.
Figure 1.4: Schematic representation of a solar cell with a (A) down-shifting layer and (B) a
luminescent solar concentrator.
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These two approaches are in very different stages of development. While for LDS layers
the main research strategy is to increase the performance of PV cells, LSCs should be seen
as complementary devices for PV cells in some specific niche markets. The ability of LSCs to
concentrate sunlight onto small areas can contribute to reduce the size and cost of PV cells
[23]. Also, the coupling of PV cells to the edges of LSCs is a very interesting strategy to PV
urban integration, presenting solutions to different challenges. From the point of view of EU
policy, buildings are a strategic focus in the bid to achieve a sustainable and competitive low-
carbon economy by 2020. The European Commission encourages Member States to decrease
energy consumption in buildings and convert national building stocks from energy consumers
to energy producers through retrofit measures and renewable energy sources [24]. The main
goal is the construction of zero-energy buildings, with zero net energy consumption, meaning
the total amount of energy used by the building on an annual basis is roughly equal to the
amount of renewable energy created on-site or by renewable energy sources elsewhere [25]. For
instance, the company AVANCIS CNBM is implementing new market solutions like rooftop
systems, Figure 1.5A and solar facades for architects, engineers and planners 1.5B. This is
driving down the costs of solar technology to a level below that of conventional energy, and
thus speeding up the changeover to a global energy supply based on renewable energy sources.
Figure 1.5: (A) Photo of a rooftop systems with solar modules [26] and (B) a solar facade in
Bern, Switzerland [27].
While rooftop PV systems pose no implementation challenges, PV cells on facades reduce
the amount of sunlight inside buildings and design options are limited: PV panels are typically
black and nontransparent. Aesthetic concerns make solar panels a less desirable option in
public areas. In order to overcome some of these limitations, LSCs could be embedded
in facades, windows, walls as well as on rooftops, and coupled to efficient and small PV
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cells, allowing everyday buildings to be transformed into harvesting machines [16]. From an
aesthetic point of view, LSCs may be appealing because they can be produced in almost any
color and shape, and can either be translucent or opaque [28]. Some examples of existing
buildings with coloured facades where such technology could be implemented are presented
in Figure 1.6.
Figure 1.6: Photos of colourful buildings around the world. (A) The Kuggen in Gothenburg,
Sweden [29], (B) Carabanchel 24 building in Madrid, Spain [30], (C) MUSAC (Museo de
Arte Contempora´neo de Castilla y Leo´n) in Leo´n, Spain [31], (D) The Gherkin building in
London, United Kingdom [32], (E) El Captivador in Alicante, Spain [33], (F) The Palais des
congre`s de Montre´al in Montre´al, Que´bec, Canada [34] and (G) Marina Bay Sands building
in Singapore [35].
Beyond policy and aesthetic considerations, the integration of PV panels into the built
environment has proven difficult because PV panels operate optimally under direct irradiation.
In the built environment, sunlight is diffuse and non-uniform, as it is scattered and reflected
by buildings, trees, and clouds, reducing the performance of solar cells [36]. LSCs operate
similarly in direct and indirect sunlight [37]. Despite having modest electrical generation
efficiency, LSCs are cheap, can be applied over large areas, and incorporated into construction
elements [38].
LSCs can also be implemented in wearable fabrics and mobile energy devices [39]. In
particular, target delivered power values up to 10W may be feasible with LSCs, which is
sufficient to charge low-voltage devices such as mobiles phones, sensors and wi-fi routers.
There are some examples of PV cells being applied to fabrics like backpacks and coats, but
the exposed area tends to be small, and design is limited by the aesthetics of PV cells. Using
LSCs, it would be possible to have devices with larger exposed area without compromising
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aesthetics and reducing the amount of PV material needed, reducing the cost of the device.
LSCs can also be used in urban furniture to complement the performance of existing PV
devices, increasing the available area for PV conversion and allowing electronic devices to
be charged. Examples of existing wearable PV devices and urban furniture are presented in
Figure 1.7.
Figure 1.7: Wearable PV devices and PV urban furniture. (A) Tommy Hilfiger Solar Clothing
[40], (B) Solar Backpack from EPFL [41], (C) Solaires Solar-Powered Backpacks Charge
Gadgets on the Go [42], (D) Lux Solar-Panel Necklace Lights Up Any Outfit [43], (E) Soofa
’smart bench’ [44], (F) eTree, Tree-like street furniture [45] and (G) Solar-Powered Soldiers
to Revolutionize Australian Combat [46].
A third possible application for LSCs in every day life is noise barriers along highways. A
group of researchers in The Netherlands has been developing this idea in the framework of a
program called SONOB - Solar Noise Barriers. The main goal of this program is to tackle the
issues related to the production of larger-scale LSC devices, and monitor their performance
under the harsh conditions experienced in The Netherlands over the course of a year.This
project resulted in three publications [38, 47, 48], and the main results are summarized below.
Two 12mm thick noise barrier modules with an area of 4× 5m2 each were constructed, one
placed facing East/West and the other North/South, Figure 1.8A [38]. In turn, each module
was made up of 4 individual 1 × 5m2 panels. Two were 8mm thick clear glass plates with
embedded Si PV cells, and the other two dye-embedded LSC devices, one containing the
fluorescent dye Lumogen Orange240 and the other Lumogen Red305 (both dyes provided by
BASF). In the first work, the relative performance of the largest LSC constructed to date is
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described. Comparisons are made between the performance of North/South and East/West
facing panels during a sunny day. It is shown that the performance of the East/West panels
varies much more over the course of the day, as the structural elements of the barrier interfere
with solar illumination and cause shading, but perform similarly for both front and back
illumination conditions. Results obtained over a period of 200 days mirror the results over a
single sunny day. This work also demonstrates the importance of frame design to minimize
self-shading of the LSC panels [38].
In the second work, the relative performance of the large area LSC noise barrier is tested
before and after the application of street art, Figure 1.8B [47]. Performance is compared
with that of East/West facing panels on a sunny day. It is shown that the edge mounted
PV cells that are further away from the artwork perform at about 80 % of their original
performance level, while cells mounted nearby show a greater drop in performance, suggesting
that the effect of street art is primarily a localized effect. Furthermore, it is demonstrated
that illumination by sunlight from the rear side of the panel, opposite to the artwork shows
less of a performance drop. In summary, the overall performance of a large-scale prototype
LSC device is affected by the application of street art, which blocks out solar radiation, but
the effect is mostly confined to areas in the immediate vicinity of the blocked areas, and the
remaining area of the panel continues to operate at a reasonable level [47].
Figure 1.8: (A) Photograph of the LSC noise barrier site. The barrier on the left faces
North/South, and the barrier on the right faces East/ West [49]. (B) Photograph showing
street art design on the surface of the LSC panel. Adapted from [46].
In the third work [48] comparisons are made for the performance of a number of attached
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photovoltaic cells with changing spectral illumination, cloud cover conditions and other sea-
sonal variations, and the temperatures of the cells. Differences in performance are attributed
to the positioning of the panels whether facing North/South or East/West. In general, the
panels facing East/West run cooler than those facing North/South. The LSCs in both ori-
entations appear to perform more efficiently in cloudy conditions: one factor contributing
to this increased performance is that the solar spectrum matches the absorption spectrum
of the embedded dye better under cloudy conditions. This work is a step forward in the
characterization of large-scale LSC devices, and suggests that the performance of devices can
be predicted for any location given sufficient knowledge of the illumination conditions, and is
an important step towards the commercialization of these alternative solar energy generators
for use in urban settings [48].
In the aforementioned paragraphs LSCs have already been produced at large-scale and
implemented in real-life applications showing that the first step towards the transference
between laboratory prototypes to real-life solar-energy harvesting units has already started
and has potential to be continued and implemented in other real-life applications.
1.1 Luminescent down-shifting layers
In its simple form, luminescent downshifting layers are coatings deposited on the top
surface of PV cells, Figure 1.4. As such, LDS layers do not depend on geometric concentration
to improve PV devices efficiency, but are instead used to tune the absorption spectral window
[14] and reduce the amount of reflected radiation at the PV cells surface. The down-shifting
materials absorb the short-wavelength radiation, typically in the 300-500nm range, and re-
emit it at a longer wavelength where the external quantum efficiency of the PV device is high.
The lower energy photons emitted by the luminophores after absorption are subsequently
absorbed by the PV cell, producing more electron-hole pairs and thus generating higher
short-circuit current (ISC) [50]. This should lead to an increase in the EQE of the device in
the absorption window of the LDS layer, although experimentally this is not always observed
[51].The open-circuit voltage (VOC) and fill factor (FF ) typical of each PV cell should not
change significantly upon incorporation of an LDS layer since they depend primarily on the
intrinsic materials of the PV cell itself [52]. LDS layers can be utilized in many PV devices
that exhibit poor spectral absorption to short-wavelength solar radiation. While luminescent
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down-shifting could potentially enhance the PV efficiency, it is important to note that the
design will not be able to overcome the Shockley-Queisser efficiency limit, as the absorption
of a high energy photons by the down-shifting materials can only result in the generation of
one electron-hole pair in the solar cell [23, 53].
The luminophores choice for LDS layers fall into the same categories as those used for
LSCs, being the most common ones the organic dyes [54–56], quantum dots (QDs) [52, 57–59]
and lanthanice (Ln3+) metal ions/complexes [60–63]. Typical host material include polymers
[64–67], silica hybrids [68–70], or glasses [62, 63, 71] although there are also numerous exam-
ples of luminophores coated directly onto device surface [72, 73]. When a host material is
used, the thickness must be optimized to minimize edge emission and reflectance [50, 74].
Recent research has focused on the optimization of host-luminophore combinations, with
the goal of improving the stability, efficiency and ease fabrication of the devices. LDS layers
should be tailored to the PV cell in use, and as such, there is no one size fits all [16]. In Table
1.1 figures of merit for a variety of LDS layers using different PV devices are listed.
Currently, Si-based PVs correspond to 90 % of the global market [16] and thus, significant
research has been dedicated to the design of LDS layers for these cells. Theoretical studies
to determine the maximum efficiency gains possible by applying LDS layers to Si PV cells
predict an increase of 0.6-1 % [87]. Jin et al. showed that the maximal electrical outputs
of commercial c-Si and a-Si PV cells are effectively enhanced by surface coating of the OR-
MOSIL (organically modified silicate) composite phosphor films doped with [Eu(phen)2]Cl3
(phen=phenanthroline) or [Tb(bpy)2]Cl3 (bpy=2,2’-bipyridine), which can convert UV into
visible radiation. The relative radiation-to-electricity conversion efficiencies around 118 % and
108 % for the hybrid c-Si and a-Si PV cells devices, respectively, could be increased by optimiz-
ing the incorporation of the Ln3+-based complexes. Since the enhanced outputs for c-Si and
a-Si PV cells are strongly dependent on the coating conditions of ORMOSIL:[Eu(phen)2]
3+
and ORMOSIL:[Tb(bpy)2]
3+ films, greater enhancement of these outputs are expected to be
made by improving the coating process and film quality [88]. Some studies used isolated
Eu3+ or Eu2+ ions doped in polymer hosts as the LDS layer; however the low absorption
coefficients associated with Ln3+ ions limited the efficiency [18, 89]. However, the use of
Eu3+ or Eu2+ phosphors or complexes has delivered improved performance. Chen et al.
reported a Ba2SiO4:Eu
2+ LDS layer coated directly onto a Si PV cell, in which the addi-
11
Introduction
Table 1.1: Figures of merit for LDS layers applied on different PV cell types, where the
absolute power conversion efficiency (PCE (%)) achieved and the percentage increase in PCE
(∆PCE (%)) compared to the bare cell is also presented.
Cell type Luminophore λabs (nm) λem (nm) PCE ∆PCE Ref.
Si Ba2SiO4:Eu
2+ 350 510 17.7 4 [75]
c-Si Gd2O2:Eu
3+ 350 625, 700 12.97 24 [60]
c-Si Si QDs 400-1000 850 3.8 23 [76]
c-Si [EuL3](Et3NH)3 325 615 9.51 6 [61]
c-Si [TbL3](Et3NH)3 325 540 9.42 5 [61]
c-Si CdTe/CdS/ZnS QDs 350 600 16.14 5 [70]
c-Si CuInS2/ ZnS QDs 400 600-700 16.21 4 [58]
c-Si Mn2+, ZnxCd1−xS/ZnS 350 600 14.3 4 [72]
CIGS Lumogen Violet/Yellow 350-475 475-600 - 2.93 [54]
GaAs CdSe/ZnS QDs 350 540 18.05 25 [73]
GaAs CdZnS/ZnS QDs 300 450 28.7 3 [57]
InGaP CdSxSe1−x/ZnS QDs 350 580 15.6 15 [77]
CdS/CdTe Eu3+, Mn2+ doped glasses 400 615 17.53 7.14 [78]
DSSC CdSe/ZnS QDs 350 500 2.98 5 [79]
DSSC Lumogen Violet 370 430 4.5 68 [64]
DSSC EuD4TEA 350 620 3.41 62 [80]
DSSC CaAlSiN3:Eu
2+ 460 625 5.0 40 [81]
OPV C545T:Alq3 300-500 575 3.82 15 [82]
OPV C QDs 350 550 3.18 12 [83]
PSC YVO4/Eu
3+ 295 610 7.93 7 [84]
PSC ZnGa2O4:Eu
3+ 400 610 13.8 29 [85]
PSC Lumogen Violet 370 450 18.7 8 [86]
CIGS = copper indium gallium selenide, CdS/CdTe = cadmium sulfide/cadmium telluride,
DSSC = dye-sensitized solar cell, OPV = organic photovoltaic, PSC = perovskite solar cell,
C545T= 10-(2-benzothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-1H,5H,11H-
(1)benzopyropyrano(6,7,8-i,j)quinolizin-11-one; Alq3 = tris(8-quinolinolato) aluminium;
EuD4TEA = europium(III) tetrakisdibenzoylmethide triethyl ammonium.
tion of Ag nanoparticles and a SiO2 spacer increased the PCE of the cell from 17.1 % to
17.7 % [75]. A LDS layer comprised of Gd2O2S:Eu
3+ with an absolute emission quantum
yield of 0.27-0.33, doped in poly(vinylpyrrolidone) and spin-coated onto a polycrystalline Si
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cell (PCE=10.44 %) was also reported. The Gd2O2S:Eu
3+ phosphors formed spherical par-
ticles and improved both the antireflection properties and Isc of the cell, increasing the PCE
to 12.97 % [60]. Although the majority of studies have been focused on Eu3+ or Eu2+ as
the luminophore, other Ln3+ ions have also been investigated with comparable performance.
For example, Fix et al. showed that LDS layers prepared from [LnL3](Et3NH)3 (Ln = Eu,
Tb) (L = triazole-pyridine-bis-tetrazolate antenna) doped in ethylene vinyl acetate (EVA)
by spin-coating delivered a moderate increase in the PCE from 9 % to 9.51 % and 9.42 % for
Eu3+ and Tb3+ analogues, respectively. A [Eu(tta)3phen] complex was also incorpoated in
EVA but despite the increase of EQE observed in the UV, the ISC and PCE of the solar
cell decrease after eposition of the modified EVA, Figure 1.9. This can be explained by the
small loss of EQE observed in the visible part of the spectrum, which can originated from a
parasitic absorption in the same region [61].
Figure 1.9: c-Si cell fabricated and coated with ethylene-vinyl acetate including
[Eu(tta)3phen]. Top view (A) without illumination and (B) illuminated at a wavelength
of 350 nm. Adapted from [61].
Chung et al. reported down-shifting phosphors composed of Y2O3 : Eu
3+ or Y2O2S : Eu
3+
dispersed in either polyvinyl alcohol (PVA) or Poly(methyl methacrylate) (PMMA) on top
of multi-crystalline Si PV cell: fourteen-fold increase in PCE was found under UV irradiation
for which the absorption of c-Si is low [90]. McIntosh et al. presented results on c-Si PV cells
where the PMMA encapsulant contained down-shifting molecules like Lumogen dyes. These
results indicate a 40 % increase in EQE for operating wavelengths up to 400nm [91]. Stupca et
al. demonstrated the integration of ultra thin films (23-10nm) of monodisperse luminescent
Si nanoparticles on polycrystalline Si PV cells, 1nm sized blue emitting and 2.85nm red
emitting particles enhance the conversion efficiency by 60 % in the UV and 3-10 % in the
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visible for the red and blue emitting particles, respectively [92].
Recent attention has shifted to the use of QDs as luminophores for LDS layers. Draaisma
et al. addressed the aggregation of QDs in host materials by exchanging capping ligands
on CuInS2/ZnS QDs with thiol-functionalized oligocaprolactone to increase solubility within
a UV-curable acrylate resin host, Figure 1.10. The LDS layers yielded an overall decrease
in PCE when applied to the Si PV cell. This study demonstrates that careful control of
absorption and the quantum yield of the QDs, as well as the adhesion of the layer to the PV
cell are crucial to obtain working LDS layers [51].
Figure 1.10: Photograph of the polymer-QD composite placed on top of a c-Si solar cell. The
photo has been taken under 366 nm UV illumination. Adapted from [51].
Xuan et al. produced red-emitting CdSe/CdS/ZnS QDs though microwave synthesis,
which led to highly reproducible products. Although the QDs displayed a moderate absolute
emission quantum yield of 0.25 when doped into a silica matrix and coated on a Si PV cell,
an increase in the PCE of 0.8 % from 15.34 % to 16.14 % was observed [70]. The same group
reported an air-exposed, one-pot, microwave synthesis of CuInS2/ ZnS QDs, which showed
high absorption below 400nm, high absolute emission quantum yield of 0.56 and emission
in the red/NIR region. Upon incorporation into a PMMA host and coating on a Si PV cell
(PCE=15.6 %), a PCE increase to 16.21 % was observed [58]. These QDs had the additional
advantage of low toxicity compared with Cd-based alternatives. Levchuk et al. demonstrated
an easily scalable one-pot synthetic route to fabricateMn2+ doped ZnxCd1−xS/ZnS nanocrys-
tals. The QDs showed absolute emission quantum yields up to 0.70 and the synthesis gave
consistent results when scaled up to 40 times the initial volumes. The QDs were applied
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directly to Si PV cells using the doctor blading method and an increase from 13.8 % to 14.3 %
in the PCE was observed [72].
LDS layers are often applied to cells in conjunction with other surface modifications to
minimize reflectance and maximize luminophore absorption. Xu et al. patterned the Si sub-
strate by nanosphere lithography to lower the reflectance of the surface and also applied a
Si-QD/SiO2 composite layer. A PCE increase from 3.1 % to 3.8 % was observed, demonstrat-
ing that LDS layers can be used effectively in conjunction with other radiation management
techniques to improve the overall efficiency [76]. Long afterglow SrAl2O4:Eu
2+,Dy3+ phos-
phors were successfully synthesized by sol-gel process. Under UV excitation, the emission
of SrAl2O4:Eu
2+,Dy3+ matches to the spectral response of the Si PV cells. When it was
embedded in SiO2 film and applied as luminescent downshifter on the front side of Si PV cell,
the conversion efficiency of the cell under one Sun illumination is improved 4.6 % maximum
as compared to the one with pure glass. After 100mW/cm2 illumination for 1min, the light
source was turned off. The PV cell still shows an efficiency of 1.16 % in the dark due to the
long after-glow properties of SrAl2O4:Eu
2+,Dy3+ phosphors [93].
Thin film chalcogenide solar cells are potentially well suited for LDS applications as they
typically exhibit narrower EQE ranges than Si cells [50]. Parel et al. combined LSC and
LDS properties in a so-called concentrating LDS layer. This layer consisted of Lumogen
dyes (Violet 570, Yellow 083 and Orange 240) doped in a PMMA plate placed on a CdTe
cell. The geometric concentration occurs by placing a large area LDS plate on a smaller
area PV cell in a planar architecture. An increase of up to 20 % in the Isc of the cell was
obtained, demonstrating the potential of the architecture [56]. Thick LDS films prepared
from combinations of Lumogen dyes (Violet 570 and Yellow 083) in polyvinyl butyral (PVB),
Figure 1.11, were also applied to CIGS cells. An absolute emission quantum yield of 0.96 was
obtained and a 2.93 % relative increase in PCE was observed, which was in good agreement
with simulated predictions [54].
Quantum dots luminophores have also been attracting significant attention in LDS layers
for thin film cells. Han et al. used CdS and CdSe/ZnS QDs of different sizes to tune the
emission colour in LDS layers applied to GaAs-based PV cells. These cells have a better short-
wavelength response than other thin film technologies, their integration with LDS systems is
often overlooked. A PCE increase from 14.48 % to 18.05 % was achieved for green-emitting
15
Introduction
Figure 1.11: Photo of layers with combined dyes, V570, and Y083 (from left to right) under
UV radiation (300-420nm). Adapted from [54].
CdSe/ZnS QDs applied directly to the cell surface [73]. Hodgson et al. characterized the
performance of CdSxSe1x/ZnS QDs (absolute emission quantum yield of 0.51), doped in
PMMA as a function of concentration. A maximum PCE increase of 1.7 % was observed at
optimum concentration [52]. Commercial QDs Trilite 585 and Trilite 665 (absolute emission
quantum yield of 0.41), were deposited onto an InGaP solar cell and subsequently coated with
a semiconductor passivation layer. Resonance energy transfer occurred from the passivation
layer to the QDs, enabling a two mechanism LDS process, from both direct illumination and
resonance energy transfer. This resulted in an improvement in PCE of 2 % giving a maximum
PCE of 15.6 % compared to the bare cells (PCE=13.6 %) and illustrates how LDS can be
used in conjunction with surface passivation to minimize charge carrier recombination [77].
Polydimethylsiloxane films were doped with CdZnS/ZnS core-shell QDs (absolute emission
quantum yield up to 0.50), and nanopatterned using a Si-based mold to imprint the moth eyed
pattern on the polydimethylsiloxane. This moth eyed coating decreased surface reflection. A
PCE increase of 0.9 %, from 27.8 % to 28.7 %, was observed giving another example of how
contemporary LDS layers are viewed as complimentary to other surface treatments [57].
There are some examples in the literature reporting the application of LDS layers incorpo-
rating more than one luminophore. Steudel et al. reported borate glasses doped with Sm3+,
Eu3+ and Tb3+. These glasses were co-doped with two of the rare-earth ions for an absorption
broad-band. The gain in the Isc density of the CdTe solar cells were measured. Although the
single-doped glasses revealed a slight increase in the Isc density, the doubled-doped glasses
allowed higher efficiency gains since a significant broader spectral range is covered for ab-
sorption. For a Tb3+/Eu3+ doped glass, an efficiency increase of 1.23 %was achieved [94].
Song et al. codoped phosphate glasses with Mn2+ and Eu3+ ions, Figure 1.12, to investigate
their potential as bi-functional superstrate glass for CdS/CdTe soalr cells and experimental
performances of LDS layers were obtained. As a result, the codoped glasses were effectively
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improve the photoelectric conversion efficiency by 7.140 % compared to bare CdS/CdTe solar
cells [78].
Figure 1.12: Photograph of Eu3+-doped, Mn2+-doped and Eu3+-Mn2+ codoped samples,
from the left to right, respectively. Adapted from [78].
LDS layers are not limited to applications in the surface of the devices. Liao et al.
deposited CdSe/ZnS QD aggregates (absolute emission quantum yield = 0.40) between the
transparent conducting oxide (TCO) anode and a CdS/CIGS p-n junction via pulsed spray
deposition. A PCE increase of 0.92 %, from 8.42 % to 9.34 % was measured [95]. Also, the
use of internal LDS layers is not limited to QD-based systems. Bouras et al. used Nd-doped
SnO2 films as a luminescent TCO layer in CIGS cells. The layers showed efficient energy
transfer from the SnO2 host matrix to the Nd
3+ dopants, leading to an enhancement of the
Isc of the cell [96]. The glass cover slide can also be transformed into an LDS layer by doping
with metal ions. Silicate glass slides doped with Ag+ or Cu+ by ion exchange were tested
as cover slips for GaAs-based cells. Cu+ performed better than the Ag+ doped glass, with a
2 % increase in maximum power output observed, despite the low absolute emission quantum
yield (0.004) [63].
LDS layers can be applied to DSSCs to improve both the spectral response and stability, by
inhibiting UV-induced degradation of the dye. Griffini et al. have demonstrated LDS layers for
DSSC based on Eu3+ complexes [80] and Lumogen Violet 570 [64], doped in fluoropolymeric
hosts Figure 1.13, which generated an 1.82 % (2.68-4.50 %) and 1.31 % (2.1-3.41 %) increase in
the PCE, respectively. Long term outdoor stability tests were performed over 2000 h and the
LDS-coated devices showed only 2-7 % decrease in PCE with time, whereas uncoated devices
decreased almost 30 % of the initial value. Ahmed et al. used plasmonic LDS layers, based
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on PMMA doped with CdSe/ZnS QDS (absolute emission quantum yield = 0.71 in solution),
to improve the efficiencies of both DSSCs and Si cells. Coupling of the LDS layers to the
cells increased the PCE by 2.85-2.98 % and 8.4-8.9 %, respectively [79]. Hosseini et al. applied
a dual function LDS-reflective layer onto the bottom of a DSSC. CaAlSiN3:Eu
2+ was used
as the luminophore (absolute emission quantum yield = 0.51) and through a combination of
LDS and back reflection, an increase in PCE of 3.3 % to 4.8 % was observed [81]. However,
despite the potential benefits of LDS layers to DSSCs, there are still few examples.
Figure 1.13: Photo the coating-free and a V570-doped LS-DSSC when irradiated with UV
radiation. Adapted from [64].
LDS layers are also an attractive method for improving both the efficiency and stability
of OPV. The organic materials used in the photoactive and charge extraction layers can show
poor stability to prolonged UV-radiaton exposure, which has limited their commercialization
to date [97]. Recently, the use of nanopatterned LDS layers by direct nanoimprinting of
spin-coated Eu3+ and Tb3+ doped perhydropolysilazane polymer ceramics was repoted to
give red and green emission respectively. Soft imprint lithography was used to form regular
nanocone and nanocylinder patterns on the film surface, that act as scattering centers to in-
crease the photoluminescence intensity compared with the non-patterned ones. The emission
could also be tuned by varying the cone diameter with a red-shift observed with increasing
diameter. The nanopatterned films showed both high transparency and water resistance, with
a maximum PCE increase from 4.1 % to 4.6 % observed, along with improved stability [95].
Krebs et al. applied commercial tris(hexafluoroacetylacetonate) mono(1,10-phenanthroline)-
europium (Eu(hfac)(phen)) PMMA inks as LDS layers to OPV cells (PCE=2.79 %) by doctor-
blading and screen-printing. The bifunctional layers increased the device half-life by 850 %
for indoor light stability testing and a PCE increase of ∼ 0.25 % up to 3.04 % was observed
[98]. Transition metal complexes such as Ag(POP)(Bphen)(BF4) (POP=bisphosphinophenyl
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ether, Bphen=bathophenanthroline) have also been used as direct LDS coatings on OPVs,
Figure 1.14, leading to improved stability over 150h continuous illumination at 1 Sun and a
PCE increase from 3.66 to 3.76 % [99].
Figure 1.14: Photo of the OPV with an Ag(POP) LDS applied on the radiation incident
surface under (A) white light and (B) UV illimunation. Adapted from [99].
Contemporary LDS coatings for OPV using more unusual luminophore or host materials
have also been reported. Zhang’s group synthesized fluorescent carbon dots (CD) from L-
ascorbic acid using (N-(2-aminoethyl)-3- aminopropyl)tris-(2-ethoxy) silane as a stabilization
and passivation agent, and also as a host material for the CDs. The CD-silane hybrid was
converted to a solid through hydrolytic condensation of the silica network due to solvent loss
when applied to the cell surface by spin-coating. Upon incorporation into the silane host an
increase in the absolute emission quantum yield from 0.04 to 0.09 and in the PCE from 2.85
to 3.18 % were observed [83]. A 10-(2-benzothiazolyl)-2,3,6,7-tetrahydro-1,1,7,7-tetramethyl-
1 H,5H,11 H-(1) benzopyropyrano(6,7,8-i,j)quinolizin-11-one (C545T) fluorescent molecule
doped tris(8-quinolinolato) aluminum (C545T:Alq3) LDS layer (absolute emission quantum
yield = 0.95) was applied to an OPV cell, yielding a PCE increase of 0.5 % to 3.82 %, due to
favorable overlap between the C545T emission and the OPV absorption window [82]. Prosa
et al. deposited OPV cells over silk fibroin doped with a stilbene luminophore as a LDS layer.
The cells with the silk fibroin showed improved stability (∼ 15 % PCE decrease compared
with ∼ 35 % for reference device) over 70 days in a glove box and afforded an indium tin oxide
free flexible device [100].
In PSCs long term stability is hindered by a susceptibility to thermal and UV degradation
[101]. The first example of LDS applied to PSCs was by Chander et al. who applied a
YVO4/Eu
3+ nanophosphor by spray deposition to the device surface, Figure 1.15. The coated
PSCs showed higher efficiencies after continuous radiation soaking, with a PCE increase
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from 7.42 % to 7.93 % and improved stability compared to uncoated devices [84]. Hou et al.
demonstrated a method of LDS incorporation into PSCs by doping ZnGa2O4:Eu
3+ into the
mesoporous TiO2 layer. This resulted in a PCE increase of over 3 %, from 10.67 % to 13.80 %,
and presents an interesting method of spectral conversion with minimal loss mechanisms [85].
Very recently, Bella et al. demonstrated a PSC coated with a Lumogen Violet-fluoropolymer
LDS layer on the top side, and an undoped polymer encapsulation coating on the back side of
the cell. The coated PSCs showed improved stability over six months compared to the bare
devices under continuous UV illumination, with a PCE increase from 17.31 % to 18.67 % [86].
PSCs with only the Lumogen Violet LDS layer and without the back polymer coating also
showed improved stability compared to the bare cells, with efficiency losses only occurring
after 75 days continuous illumination in an inert atmosphere. This result indicates that the
role of the LDS layer in reducing UV degradation is critical. Although examples of LDS for
PSCs are limited, the field is highly dynamic, and will certainly change in the near future.
Figure 1.15: Photo of a YVO4:Eu
3+ phosphor layer coated on quartz substrate recorded
under UV (300nm) illumination. Adapted from [84].
1.2 Luminescent solar concentrators
Luminescent solar concentrators, Figure 1.16, are complementary devices comprising a
transparent substrate (flat sheet of glass or plastic) that can be either doped or coated with
optically active centres. Solar radiation reaching the surface of the concentrator is partially
refracted into the photoluminescent material and after absorption by the active centres, pho-
tons are re-emitted isotropically at a lower energy [102].
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Figure 1.16: Operating principle of a LSC. (A) Radiation incident on the LSC is absorbed by
the luminophores and re-emitted at longer wavelengths. The emitted photons are propagated
through the waveguide by total internal reflection, resulting in concentration of the emission
at the slab edges. The concentrated emission can be used to sensitize an optically matched
PV cell, placed at one, some or all of the edges. (B) Primary processes and losses occur-
ring in a planar LSC. Waveguide losses include absorption, reflection and scattering of the
incident sunlight at the surface or internal defects, or complete transmission. Luminophore
losses include low absorption or emission efficiencies (e.g., due to non-radiative relaxation),
reabsorption of emitted photons by neighboring molecules or emission of photons within the
escape cone of the waveguide. Adapted from [16].
Although the LSC toolbox is fairly simplistic, in practice the optical conversion efficiency
(ηopt) of any LSC is limited by intrinsic loss mechanisms, Figure 1.16, many of which are
related to the materials choice. Luminophore-associated losses include: incomplete harvesting
of the solar spectrum, a low absorption efficiency and/or low absolute emission quantum yield,
photodegradation of the luminophore, and reabsorption losses due to the absorption of emitted
photons by neighboring luminophores. The luminophores should exhibit:
• Broad absorption spectrum with a high molar absorption coefficient (> 103M−1 ·cm−1);
• Large Stokes shift (energy difference between absorption and emission spectra) to min-
imize reabsorption losses;
• High absolute emission quantum yield (> 0.5);
• Emission energy resonant with the PV cell absorption (input-output gain) to minimize
thermalization losses;
• Photo and thermal stability.
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The waveguide losses include: escape cone losses leading to the non-capture of emitted
photons, surface reflections and radiation scattering at internal and external defects and par-
asitic absorption. The ideal waveguide should thus have a high refractive index (for instance,
for a waveguide with a refractive index of 1.5-1.6, 75 %-78 % of all emitted photons will be
reflected internally), be free of defects and exhibit a high transmittance outside the absorption
region. As such, while the basic LSC design comprises just two components, the demands
placed on the materials used are extremely high and there is considerable scope for innovation
in this area.
A wide variety of luminophores have been studied in an effort to meet all the desired
requirements and thus, an overview of the most used ones 1) organic dyes, 2) transition
metals and Ln3+, and 3) quantum dots will be presented followed by a state-of-the-art review
on LSCs since its appearance until nowadays.
Since the first studies on LSCs, pi-conjugated organic dyes have been investigated exten-
sively as potential luminophores of choice due to their high solubility, high absolute emis-
sion quantum yields, high absorption coefficient and good photostability. The most investi-
gated dyes for application in LSCs belong to the following classes of molecules: bipyridines
[103], coumarins [104–111], dicarbocyanine iodides [112], dicyano methylenes [108, 113], lac-
tones [109], naphtalimides [109, 111, 114], oxazines [105], perylenes and perylenebisimides
[104, 109–111, 114–122], perylenebisimidazoles [116], phtalocyanines [123], phycobilisomes
[124–126], porphyrins [123, 127–129], pyrromethenes [109], rhodamines [106–109, 129–131],
sulforhodamines [105, 120], tertiary amine derivates of tetra-cyano-p-quinodimethane [132],
thioxanthenes [109], (iso)violanthrones [118], and some unspecified dyes including BASF K1
[120, 131, 133], BASK K27 [133] and BASF Lpero [133].
The most commonly used dyes in LSCs have been the rhodamines, coumarins and pery-
lene(bisimides) derivatives. Rhodamines are known for their high absolute emission quantum
yield and high molar extinction coefficient but also for their small Stokes shift. As a result,
photons can be reabsorbed by neighoring luminophores as they are transported by total in-
ternal reflection (TIR) through the waveguide. While this does not necessarily translate into
intrinsic loss in itself, if the reabsorbed photons are not subsequently re-emitted or the emitted
photons are directed within the escape cone of the waveguide, reabsorption will contribute
significantly to optical losses in the LSC. Moreover, organic luminophores show a strong ten-
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dency to aggregate via intermolecular pi-pi stacking interaction between the aromatic rings and
the neighboring molecules. Aggregation may lead to either partial or complete quanching due
to preferential relaxation via non-radiative channels [134]. In order to overcome reabsorption
in molecular luminophores, an alternative approach is to use a multichromophoric system in
which efficient energy transfer cascades occur from energy donors to covalently linked accep-
tors. In this approach, chromophores employing different highest occupied molecular orbital
(HOMO)- lowest unoccupied molecular orbital (LUMO) gaps are employed to create an en-
ergy gradient through which excitation energy can be shuttled. Such systems are designed to
mimic the role of radiation-harvesting chromophoric scaffolds found in plants and photoactive
bacteria [125, 128, 135], Figure 1.17.
Figure 1.17: Photohraphs of LSCs containing (A) three oligofluorene-BODIPY donoracceptor
systems photoexcited at 365 nm, adapted from [125], and (B) chlorophyll molecules under
AM1.5 illumination, adapted from [128].
Rare earth ions (sometimes complexed with ligands) are investigated as luminophores
for usage in LSCs primarily because of their promise of high photostability and their large
Stokes shift, although the presence of organic ligands may compromise the lifetime of the
molecules [23]. Large Stokes shift can be achieved by designing luminophores in which the
absorption and emission processes occur from different energy states, localized on either the
same or different chemical species. Ln3+ have been vastly studied as phosphors for LSCs due
to their large Stokes shift [5, 136]. However the low molar absorption coefficient associated
with f -f transitions [137] prevent the practical application of isolated Ln3+ species in solar
energy harvesting. But this can be overcomed by taking advantage of the antenna effect,
in which coordinated organic ligands absorb radiation and the energy is transferred to the
Ln3+ centre, from which emission occurs. This solution successfully harness the high molar
absorption coefficient of the organic dyes.
Quantum dots are nanostructures from semiconducting materials with dimensions in the
order of 10-100nm. The size of the QDs is in the order of the de Broglie wavelength of
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the electron. As a consequence of their restrictive size, excited electrons are confined in
the semiconductor, which exhibits optical and electrical properties similar to those of atoms.
QDs are also good candidates to be used as luminophores in LSCs due to the possibility of
engineering the photophysical properties thought a wise selection of the material/architecture
combination employed (e.g., by forming core-shell [138], alloyed [139] or doped QD structures)
[140]. This structural versatility provides a way of tuning the Eg in such a way that QDs can
absorb and emit across the entire spectral region [141]. One of the main issues concerning
the application of QDs in LSC is the toxicity of the metals used (e.g. Cd, Pb) [142]. While
an argument can be made that in LSCs the QDs are embedded in a host matrix and thus
exposure to environment is limited, recyclability and correct disposal measures remain an
issue. Researchers may look towards new classes of QDs based on more friendly materials
like carbon [143] or silicon [144].
The use of liquid crystalline host materials to control the orientation of luminophores has
also been investigated for radiation management in LSCs [145–148]. Planar luminophores
typically orient parallel to the alignment direction of the liquid crystalline, such that their
primary absorption and emission transition dipole moments are also parallel aligned. This
configuration can lead to improved radiation concentration at the corresponding waveguide
edges [145–149]. Alternatively, luminophores can be aligned perpendicular to the waveguide
surface, which can reduce surface losses to < 10 % [149]; however this configuration leads
to low absorption and correspondingly low efficiencies due to misalignment of the absorption
dipole moment with the incident radiation. This problem can be offset to some extent through
the use of a two dye system, in which the absorption axes of each dye are aligned parallel and
perpendicular to the host LC matrix, respectively [147].
Despite the potential for generating low-cost solar power, LDS layers and LSC develop-
ment faces various challenges, most of which related to the materials used in their design [150].
The key requirements for the waveguide are a high radiation-trapping efficiency and optical
transparency across the visible spectral range. Furthermore, as the waveguide acts as a host
or support material for the luminophore, processability and stability are also important. The
waveguide materials choice has received significantly less attention than the luminophores and
transparent in visivle and cheap polymers such as PMMA and poly(carbonate) are the most
commonly used [23]. Degradation of the luminophore and of the polymer waveguide under
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continuous illumination severely affects the device stability. Although PMMA is considered
the gold standard waveguide material for LSCs, it is susceptible to photo- and thermal oxi-
dation [151] after prolonged radiation exposure, which gives rise to the formation of photon
trap sites which reduce the transport efficiency [152]. The stability question raised by organic
polymer waveguides has led to the investigation of inorganic glasses (e.g., silica-zirconia and
silica-titania) [153] and organic-inorganic hybrids [136] as potential alternatives as waveguides.
While pure glass waveguides have high refractive index, their weight and fragility limit their
useful application in building integrated photovoltaics [23]. In contrast, organic-inorganic
hybrids offer the best of both worlds, combining processability and chemical functionality
from the organic component, with optical transparency and high stability from the inor-
ganic one [154]. Organic-inorganic hybrid waveguides from the ureasil family have also been
doped or coated with organic dyes [155–158] and Eu3+ β-diketonate complexes [159, 160]
to produce LSCs. Ureasils are comprised of a siliceous skeleton that is chemically grafted to
poly(ethylene oxide) (PEO)/poly(propylene oxide) (PPO) chains through urea cross-linkages.
The huge variety of organic precursors available both commercially and through custom syn-
thesis introduces the possibility of tuning the functional and mechanical properties (e.g.,
strength, flexibility, porosity) of the hybrid. Moreover, the use of mixed metal oxide sol-gel
precursors (e.g., silica-titania, silica-zirconia) provides a means of tuning the refractive index
[153]. Organic-inorganic waveguides thus offer the potential to deliver tailored properties for
LSCs in a single material.
In the following paragraphs an overview of the current state-of-the-art of LSCs is presented
in order to give a global perspective of the field as well as of the current strategies and
drawbacks.
Flat plate LSCs were first developed in the late 1970s [107, 130, 161, 162]. The first LSC,
at the time termed a fluorescent/luminescent collectors, was reported by Weber and Lambe in
1976. They described a planar LSC using Nd3+ and Rhodamine 6G (Rh6G) doped glasses.
with an estimated energy conversion efficiency of ∼ 10 %, a value that may be limited by
gaps in the absorption spectra of the active media under consideration. While increasing the
concentration of the active media in a glass matrix probably improves absorption, a better
approach is to mix together dopants that have a common emission region but non-overlapping
absorption spectra, e.g. dyes, which can also be used for coating [130]. This work was followed
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by the theoretical study by Goetzberger and Greubel. The geometry of their desired LSC
was determined by the fact that the radiation is collected at one of the edges of the plate.
The remaining edges should be coated with highly reflective films in order to increase the
reflection efficiency. Such considerations lead them to a triangular shape, as can be seen in
Figure 1.18, where it also shown how such concentrators can be arranged to continuously
cover large areas. Using this configuration they were able to obtain concentration factors of
approximately 100. The advantage of the proposed geometry lies in the fact that different
portions of the solar spectrum can be separated and converted by PV cells with different
energy gaps. Absorption losses in a triangular plastic LSC were found to be relatively low
[161].
Figure 1.18: The optimum shape of a LSC is a triangle with a right angle at the apex. Two
sides are mirror coated. The concentrated energy is obtained at the hypotenuse with length
l. Adapted from [161].
In the next year, the group of A. H. Zewail published a series of experiments described to
illustrate enhanced photon trapping and efficient energy transfer in mixed-dye planar solar
concentrators containing, for example, Rh6G and Coumarin 6. These concentrators are able
to absorb more solar radiation to give an enhanced photon-flux gain that exceeds the single-
dye concentrator. It is also shown that the energy absorbed by the donor dye is transferred
efficiently into the emitting acceptor by two competing processes [107].
In the following years, Reisfeld and Neuman announced the fabrication of LSCs made of
uranyl-doped glass [163] whose performance was later improved by Reisfeld and Kalisky in
1980 through the incorporation of Nd3+ and Ho3+ ions [164]. The presence of the Ln3+ ions
induced an increase in the conversion efficiency with respect to that observed in LSCs based
solely on uranyl-doped glass [163] because the energy absorbed by the uranyl group could
be efficiently transferred to the Nd3+ and Ho3+ ions that emit in the NIR spectral range,
closer to the maximum sensitivity of the c-Si PV cells [164]. Transition metal utilization was
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reviewed by Reisfeld and Jorgensen in the 1980 decade [165, 166].
A substantial increase in LSC research has occurred over the past three decades, where
the major advances in the field have been highlighted in several reviews published in the last
ten years. Some figures of merit recently reported in the literature are presented in Table 1.2,
and it should be noted that the PCE values calculated for LSCs cannot be compared with
those calculated for LDS layers as the relative position of PV cells regarding illumination
is different. Key concepts related to loss sources (e.g. re-absorption and escape cone) and
the role of long term photostability, a critical issue common to distinct optical species, were
discussed by Rowan et al.[150] Another approach which has been pointed out is the use of
NIR emitting QDs, despite the low intrinsic absolute emission quantum yields which are still
a severe drawback. According to the authors, challenges for organic-inorganic hybrids are
envisaged, because it is unlikely that a single organic or inorganic material can overcome the
loss issues, the integration of the positive characteristics of each one into a hybrid material
is considerably more attractive [150]. In fact, the properties of organic-inorganic hybrid
materials are not just the sum of individual contributions from organic and inorganic phases
but the role of their interfaces are dominant [89].
The optical losses associated with LSCs were further reviewed in more recent studies.
For instance, Reisfeld reported the use of an organic-inorganic hybrid ormocer matrix to
incorporate luminescent dyes in order to enhance their optical properties, by reducing re-
absorption and increasing photostability [167]. Other studies discussed the possibility of
maximising the radiation trapped inside the substrate through the application of selective
mirrors that reflect the emitted radiation back inside the substrate [23]. Photonic structures
constructed at the surface of the LSC were also employed to increase the trapping efficiency,
as one will notice later in this section [167]. The increase of the absolute emission quantum
yield by using plasmonic structures was also discussed [23].
Several studies focused on emitting species have been published. A review on the role
of QDs as emitting species for LSC applications emphasized that the low absolute emission
quantum yields measured in organic matrices, large emission-absorption overlaps, unknown
photostability and toxicity are still relevant issues to be addressed [141]. The incorporation
of multiple stacks where organic (dyes) and inorganic (QDs) species are combined may result
in an enlargement of the absorption range leading to efficiencies well above 10 % [168].
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Table 1.2: Figures of merit for LSCs with different architectures.
Architecture Cell type λabs (nm) ηopt (%) PCE (%) Ref.
Perylimide-GLYMO,
c-Si 420-620 18.8 - [119]
Thin Film, Glass
DCJTB, Pt(TPBP),
c-Si 300-1400 4.7 6.8 [127]
Thin Film, Glass
M6(II)X12,
c-Si 300-1400 - 0.44 [169]
Thin Film, Glass
CdSe/CdS QDs,
- 300-1400 10.2 - [170]
Doped, PMMA
PbS/CdS QDs,
- 300-1400 6.1 - [171]
Doped, Acrylate
CuInSexS2−x/ZnS QDs,
- 300-1400 3.27 - [172]
Doped, poly(lauryl methacrylate)
TPE/PMMA,
- 320 13.2 - [173]
Thin Film, Glass
gem-pyrene ethene/PMMA,
c-Si 300-1400 - 0.32 [174]
Thin Film, Glass
LR305/Urethane matrix (LT),
mc-Si 300-1400 2.48 0.49 [175]
Thin Film, Glass
F4Eu/F4Tb,
- 290 1.2/1.7 - [176]
Thin Film, Glass
Eu3+ bridged silsesquioxane,
- 300-380 12.3 - [177]
Thin Film, Glass
LR305, Doped,
c-Si 300-800 14.5 0.54 [155]
Di-ureasil
EVA, LR305/PMMA,
CIGS 300-1400 - 8.14 [178]
Thin Film, EVA
Ureasil, PMMA, Eu,
- 300-380 72.4 - [158]
hollow core cylinder
Red LSC DSSC 300-1400 - 0.1 [179]
PbS QDs doped PMMA,
c-Si 600-950 6.5 - [180]
hollow cylinder
M
= Mo, W, X = Cl, Br, I; F4=silsesquioxane, DCJTB =
4-(dicyano-mthylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidyl-9-enyl-4H-pyran; TPBP =
tetraphenyltetraben- zoporphyrin; TPE = tetraphenylethene; LR305 = Lumogen Red 305;
EVA = ethylene vinyl acetate.
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Bunzli and Chauvin reviewed the work done on the role of Ln3+ ions in PV systems.
The energy conversion mechanisms are explained and their role in improving the solar energy
conversion efficiency is described and proven. A quantitative general assessment is made
predicting improvements on the order of 5 % in conversion yield are feasible taking into
account both the specific properties of the rare-earth materials and the effective features
and needs of the photovoltaic devices [5].
Despite the potential for generating low-cost solar power, LSC development faces various
challenges, most of which related to the materials used in their design [150], and various
authors (even since the very beginning of the field [165]) concluded that the complementary
combination of organic and inorganic compounds into single hybrid materials should play a
key role in design optimization [5, 150, 164, 166]. Moreover, despite the quite limited use of
hybrid materials in the fabrication of LSCs, their efficiency values, which can be seen in table
1.2 are of the same order of magnitude as those of pure organic LSCs [112, 181, 182]. Besides
the influence of materials design, the manuscript gives particular attention to how geometry
and emission mechanisms (energy conversion) can be used to enhance the LSC performance.
Although the three distinct mechanisms DS, DC and UC can be involved in solar energy
conversion, to the best of our knowledge, only LSCs based on DS hybrid materials have been
reported until now.
Goldschmidt et al. demonstrate that the EQE of a stack of two plates with different dyes,
in which four GaInP-based PV cells were placed, is 6.7 %. They argued that the conversion
efficiency was limited by the spectral range of the organic dyes used, and if similar EQEs
obtained in the 450-600nm range were obtained for the 650-1050nm range an overall system
efficiency of 13.5 % could be achieved [183]. Slooff et al. presented results for 50×50×5mm3
PMMA plates where both CRS040 and Red305 dyes were dispersed at 0.003 and 0.01wt%,
respectively. The plates were attached to multi-crystalline-Si, GaAs- and InGaP- based cells,
and a diffuse reflector (97 % reflection) was used at the rear side of the plate. The highest
measured efficiency was 7.1 % for 4 GaAs-based cells connected in parallel (7% in series) [112].
More recently, Yoon et al. proposed a luminescent concentrator PV system that embeds
large scale interconnected arrays of micro scale Si-based PV cells in thin matrix layers doped
with luminophores as an alternative to the conventional LSC planar geometry. The dimensions
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and design of the micro-cells allow radiation to be captured not only through the top surfaces,
but also through their side walls and bottom surfaces, further increasing their power output
by more than 300 %. This unusual LSC design offers improved performance compared to
conventional layouts, and a variety of engineering options with particular value in ultra-thin,
light-weight and bendable systems [113].
Kate et al. presented divalent thulium (Tm2+) doped halide materials that can absorb
almost 63 % of the solar power due to absorption bands up to 900nm and emit and have
negligible self-absorption. This resulted in LSCs with power efficiencies around 15 %, arinsing
from the absorption over the entire visible spectrum. This material can be applied in high
efficiency electricity generating windows as depicted in figure 1.19 [184].
Figure 1.19: Schematic representation of the operating principle of a semi-transparent, colour-
less luminescent solar concentrator in which the coating re-emits absorbed sunlight that is
waveguided by total internal reflection to the edges of the coated glass where PV cells convert
the radiation to electric power. Adapted from [184]
Banal et al. have reported a transparent planar concentrator using H-aggregates of gem-
pyrene ethenes, which display excimer-like emission with Stokes shifts greater than 1 eV .
Planar LSCs were prepared by casting a thin film of the gem-pyrene ethane in PMMA (50 %
w/w)) onto a glass substrate (absolute emission quantum yield of 0.52), which was sub-
sequently adhered to silicon PV cells, electrically coupled in parallel, delivering a PCE of
0.32 % [174].
Meinardi et al. developed a rectangular planar LSC using ’Stokes-shift-engineered’ CdSe/
CdS QDs with shells to create LSCs without reabsorption losses for device dimensions up
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to tens of centimetres, Figure 1.20. Monte Carlo simulations show a 100-fold increase in
efficiency using core-shell structures compared to the core-only analogues due to minimized
re-absorption losses. With their LSC they measured optical power conversion efficiencies
(defined as the ratio between the luminous power collected by the photodiode and the solar
power incident onto the LSC) of up to 10 % and an effective concentration factor of 4.4.
To experimentally validate the concept of Stokes-shift engineering for the suppression of
reabsorption losses, they fabricated a large-area prototype device (21.5 × 1.3 × 0.5 cm3), as
shown in Figure 1.20 [170] under room and UV illumination. The same group showed that the
decrease in the absolute emission quantum yield caused by interactions between the surface of
the QD and the host medium can be somewhat mitigated through surface passivation [172].
Colourless LSCs prepared from alloyed CuInSexS2−x QDs coated with a ZnS passivating layer
incorporated in a poly(laurylmethacrylate) waveguide exhibited an optical power conversion
efficiencies of 3.27 % for G = 10 and maintained an absolute emission quantum yield of 0.40.
Figure 1.20: (A) Photograph of a QD-PMMA based LSC comprising CdSe/CdS QDs illumi-
nated ate 365nm, (B) under ambient illumination and (C) the same LSC during measure-
ments of the concentration factor with illumination from a solar simulator(AM1.5G). Adapted
from [170]
Due to the fact that CdSe/CdS QDs provide a potentially low-cost and high-performance
alternative to photovoltaic devices, Bronstein et al. coupled a photonic mirror to a luminescent
waveguide to form an optical cavity where emitted luminescence is trapped omnidirectionally,
Figure 1.21. By mitigating escape cone and scattering losses, 82 % of the emitted photons
travel through the waveguide, creating a concentration ratio of 30.3 for the photons in the
350-450nm range, in a waveguide with a geometric gain of 61. They also studied the photon
transport inside the luminescent waveguide, and they found that unimpeded photon collection
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can be achieved across the entire length of the waveguide. In Figure 1.21, the black rectangle
is a photovoltaic cell, the blue lines represent solar photons which are then converted to
radiation in the red spectral region by the QDs and either collected by the solar cell os lost
to the escape cone. In this new design, a wavelength-selective mirror traps the luminescence
inside the cavity, increasing the intensity of the red emission inside the cavity. The desired
absorption, emission, and reflectance spectra are also sketched. The result is an improvement
in the collection efficiency of red photons, which cannot escape, and the improvement of the
power output from the solar cell [185].
Figure 1.21: Graphic showing a typical transmission electron micrograph of giant CdSe/CdS
QDs, incorporated into a traditional luminescent concentrator (on top) and the luminescent
concentrator cavity (with mirror). Adapted from [185]
Bradshaw et al. introduce and analyse CdSe nanocrystals doped with copper ions (Cd0.999
Cu0.001Se) which, despite having a fluorescence yield of less than 40 %, exhibit broad absorp-
tion of incident radiation and large Stokes shift that exceeds that of the current leading
luminophores in LSCs. Their results suggests that broad-spectrum incident-radiation ab-
sorption and large Stokes shifts are more important than fluorescence yields for obtaining
high-output emission in metre-scale LSCs [186]. If these new materials can be produced in
bulk quantities and incorporated uniformly into solid polymeric waveguides, and have long-
term stability in sunlight, a major step forward in LSC performance may soon be a reality
[187].
Zhou et al. designed a rectangular LSC based on NIR-emitting PbS/CdS core-shell QDs
encapsulated in a poly(butyl methacrylate-co- methacrylate)/poly(ethylmethacrylate) (pLMA-
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co-EGDM) waveguide which exhibited absolute emission quantum yield of 0.40-0.50 and
ηopt = 6.1 (G = 10) for the champion device, considering single edge emission and with
the remaining three edges covered with reflective mirrors [171]. The size of the Stokes shift
was shown to depend on both the core size and shell thickness. The addition of transition
metal dopants in the form of substitutional defects can also be used to isolate the absorbing
centre from the emissive state.
The phosphorescent platinum tetraphenyltetrabenzoporphyrin [Pt(TPBP)] was success-
fully implemented as the emitter molecule in tandem LSCs by Currie et al., resulting in
power conversions efficiencies (PCEs) of 6.8 %, 11.9 % and 14.5 % for c-Si, CdTe and CIGS
cells, respectively [127]. Excitation of the singlet state of Pt(TPBP), coupled with the low
absorption coefficient of the emissive triplet state produced a large Stokes’ shift and minimizes
re-absorption in this LSC configuration.
Circular arrangements (prepared by the rub-alignment method) of a coumarin dye em-
bedded in a photopolymerisable LC host coated on a waveguide were shown to effectively
concentrate the emitted radiation to the waveguide centre, Figure 1.22 [148]. A cone shape-
void was drilled into the centre of the waveguide to enhance out-coupling of radiation and a
solar cell was placed on its surface for photosensitization. Selective irradiation of the aligned
LSC resulted in a constant open circuit voltage (VOC), but increased the short-circuit current
(ISC) by ∼ 33 % for silicon and III-V PV cells.
Figure 1.22: Graphic showing a typical transmission electron micrograph of giant CdSe/CdS
QDs, incorporated into a traditional luminescent concentrator (on top) and the luminescent
concentrator cavity (with mirror). Adapted from [185]
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Graffion et al. first introduced the use of luminescent bridged-silsesquioxane thin films
doped with Ln3+ ions as LSC materials [176, 188]. Single wavelength excitation (290nm)ηopt
values of 1.2 % and 1.7 % were obtained for Eu3+- and Tb3+ containing films, respectively
[176]. More recently, a superior silsesquioxane system based on an ethane tetracarboxamide-
based organosilane doped with Eu3+ ions were also reported [177]. Thin films (∼ 200-
400nm) spin-coated on glass substrates led to highly luminescent coatings with an absolute
emission quantum yield of 0.60 and an optical conversion efficiency of 12.3 % (excitation: 300-
380nm). Organic-inorganic hybrid waveguides from the ureasil family have also been doped or
coated with organic dyes [155] and Eu3+ β-diketonate complexes [159, 189] to produce LSCs.
A planar, doped LSC based on LR305 doped in a di-ureasil (two urea bridges) waveguide
exhibited an ηopt = 14.5 % (emission: 300-800nm, G = 3.3) for the optimized device, Figure
1.23 [155]. A power conversion efficiency of 0.54 % was obtained for the champion LSC coupled
to a c-Si PV cell using the di-ureasil precursor as an optical glue to minimize interfacial losses.
Despite the limited use of hybrid materials in LSCs to date, their efficiency values are already
comparable to those of pure organic LSCs [155, 176].
Figure 1.23: Synthesis and characterization of LR305-di-ureasil planar waveguides. (A)
Schematic representation of the LSC fabrication. In the first step, the precursors Jeffamine
ED-600 and ICPTES are reacted to obtain di-ureapropyltriethoxysilane (d-UPTES). Follow-
ing the dissolution of the luminophore, LR305, in d-UPTES, acid-catalyzed hydrolysis and
condensation of the siliceous network is initiated to obtain the LR305-d-U(600) LSC. (B)
Optical power spectra of doped LR305-d-U(600) LSCs with a dark absorbing background,
averaged over all four edges. (Inset) Variation of the experimental optical (red squares) effi-
ciencies of the LSCs with a dark background, determined over the 300-800nm spectral range,
with respect to the LSC absorbance. Adapted from [155].
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McIntosh et al. made a theoretical comparison between square-planar cylindrical LSCs,
proposing a new geometry composed of a sequence of attached cylinders. They found that
when luminescence occurs close to the surface the optical concentration of a cylindrical LSC
can be 1.0 to 1.9 times higher than that of the square-planar LSC of equivalent collection
area and volume, depending on the absorption coefficient of the host material. When this
multi-cylindrical geometry is considered, a small increase in optical concentration is obtained
for all angles of incidence, due to the multiple reflections between neighbour cylinders aligned
side by side [190].
The longer and thinner a cylinder, the larger the ratio between the area of its illuminated
surface and its edges. Thus, a LSC with a fibre geometry should have a large concentrating
potential. As optical and polymer fibres are already produced on large scales, manufacturing
processes for these fibres are well known. The production steps are optimized, resulting in low
host material losses and low manufacturing cost. At the same time fibres have the advantages
of being light-weight and flexible. By analysing the interaction of the solar photons with
the fibre, and investigating different configurations, a better understanding of the working
mechanism of this type of LSC can be achieved [3], showing the importance of such studies
when applied to new LSC geometries.
Inman et al. fabricated both solid and hollow cylindrical LSCs using NIR PbS QDs as the
active medium in PMMA matrices as can be seen in Figure 1.24. Their experimental results
were in good agreement with theoretical calculations showing that the hollow structures can
lead to higher absorption of the incident radiation and less self-absorption compared to the
solid cylindrical and planar geometries, yielding higher optical efficiencies [180].
Van Sark et el. analysed the effect of varying the device geometry on LSC performance
using ray-tracing modelling. Hexagonal, square and a right-angle triangle QD doped LSCs of
increasing top surface were studied. Their results indicate that all geometries can attain the
same minimum relative cost per unit power, thus, varying the geometry type does not offer
any significant relative cost reduction. However, the results do show that the selection of the
device size is critical for achieving the lowest possible cost per unit power output. So, there
is no substantial gain between the three different shapes of LSCs [104].
Taking advantage of the cylinder shape of PMMA-derived plastic optical fibres (POFs),
Wu et al. fabricated a zero self-absorption hybrid solar concentrator by doping the fibre with
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Figure 1.24: Photographs of (A) solid and (B) hollow cylindrical LSCs using NIR PbS QDs
with different sizes. The scale represents 1.0 cm. Adapted from [180].
a rare earth complex Eu(tta)3phen. The cylindrical geometry provides a geometric gain of up
to ∼ 1500 (for a typical diameter of 1mm and a length of 1m). To study the re-absorption
processes they also measured the emission spectra of the organic solar concentrator doped
with the organic complex. These complexes have a long Stokes shift because the energy
levels and sub-levels of the ligands and ions belong to two electron systems, Figure 1.25, and
compared it to other dyes such as rhodamine 6G [191].
Figure 1.25: Schematic models for two fibre luminescent solar concentrators: Rhodamine
6G doped POF and Eu(tta)3phen doped POF. In the first one, there is an energy transfer
between the luminescent dyes, resulting in a serious self-absorption loss. In the second one,
no such energy transfer occurs. Adapted from [191]
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Edelenbosch et al. used a ray tracing approach to increase the understanding of the work-
ing mechanisms in the fibre and optimize the effective concentration potential. A significant
result obtained with this approach was that, when comparing homogeneous and coated fibres
that absorb an equal number of photons, the coated fibre is indeed more efficient than the
homogeneous fibre in the regime of low photon absorption. When the absorption coefficient is
high, maximum re-absorption takes place within a relatively short length of fibre. This means
that increasing the length of the fibre does not induce more re-absorption but it does increase
the geometric concentration. Furthermore, the increase in the geometric concentration is
larger than the loss due to the host absorption and scattering, thus increasing the length of
the fibre has the potential to increase the effective photon concentration well beyond that
achieved by flat plate LSCs. Using fibres will induce high re-absorption losses as the photons
have to travel a relatively long way to the end of the fibre. This is compensated by the high
geometrical concentration made possible by this configuration. Maximizing the absorption
and geometrical concentration can be achieved tuning the length and radius and reducing the
escape cone losses by placing the dye close to the surface making these important parameters
for a fibre LSC, Figure 1.26 [3].
Figure 1.26: Luminescent solar concentrators with flat plate and cylindrical geometries.
Adapted from [3].
Colantuono et al. have performed a set of numerical experiments in order to evaluate
the efficiency of the concentrator when the thickness and material properties of the outer
layer are changed, and to compare the performance of the rectangular and cylindrical devices
under various conditions. Qualitatively they found that a bilayer device has greater optical
efficiency than a comparable homogeneous version. For the cylindrical geometry improval over
the homogeneous device is more strongly dependent on both the thickness and the attenuation
of the luminescent layer compared to the rectangular geometry [192].
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Correia et al. proposed a new concept on light-weight and mechanically flexible high-
performance waveguiding photovoltaics through the fabrication of cylindrical LSCs of com-
mercial PMMA-based plastic optical fibres coated with Eu3+ doped with organic-inorganic
hybrid layer, Figure 1.27. The proposed approach may create new opportunities for cost-
effective sunlight collection and wearable solar harvesting fabrics for mobile energy with neg-
ligible self-absorption and transport losses [159].
Figure 1.27: Photograph of the fibre LSC under UV illumination. Adapted from [159].
The same group reported the fabrication of large area LSCs (length up to 2.5m) in
which bulk and hollow-core, cylindrical optical fibres were coated or filled with an active layer
comprised of either Rh6G or Eu(tta)3·2H2O doped in a ureasil hybrid matrix, Figure 1.28. For
the bulk-coated LSC, radiation propagation along the entire fibre length was observed, with
a maximum ηopt of 0.6 % (F = 6.5). In contrast, for hollow-core LSCs radiation propagation
was restricted to shorter distances (6-9 × 10−2m) due to attenuation by the ureasil matrix.
Optimized hollow-core devices displayed a maximum ηopt of 72.4 % (F = 12.3), demonstrating
the considerable potential afforded by fibre optic LSCs for commercial scale-up [158].
Optical fibres also provide a suitable means of integrating LSCs with emerging PV tech-
nologies such as DSSCs, which cannot easily be fabricated as thin, robust strips. Peng et al.
reported the combination of fibre DSSCs with commercially available LSCs using a connective
envelope or groove made from aluminium foil. A maximum power of 10mW (PCE=0.1 %)
was reported for a red solar module (70.56 cm2) coupled with four optical fibre DSSCs on
each edge (5.50 cm) [179].
Vishwanathan et al. inspired by the cylindrical geometry, evaluated the performance of
luminescent solar concentrator photovoltaic (LSC-PV) elements with narrow PV cells strips
that could be integrated in an outdoor lighting pole. Si PV cells were attached to the back of
both flat and cylindrically bent PMMA radiation-guide sheets containing the dye Lumogen
Red 305, as were mirrors to non-covered edges of the radiation guides, as can be seen in
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Figure 1.28: Bulk-coated and hollow-core PMMA-based optical fibres (POFs). (A) Schematic
representation of POF structure. The LSC layer is a Rh6G (red circle) doped ureasil hybrid
coated at the surface of the POFs or embedded into its hollow core. (B) Photographs of bulk-
coated and hollow-core POFs under illumination with white light and at 365nm. The arrows
indicate the active layer; scale bars of 5 × 10−4m. (C) Outdoor photographs of bulk-coated
POFs. Scale bars of 10−3m. Adapted from [158].
Figure 1.29. The energy performance of these two elements was measured and the flat and
bent LSC-PV elements were also simulated using optical modeling and the resulting perfor-
mance parameters from the simulations and experiments were compared, and found to be in
good agreement. From the simulations for a flat LSC-PV, the optical collection efficiency,
concentration and electrical conversion efficiencies were found to be 18 %, 1.8 % and 2.8 %,
respectively, for a geometric gain of 10. For a bent LSC-PV shape, the corresponding values
are 21 %, 1.4 % and 3.4 % for a geometric gain of 6.7. Due to reduced sensitivity to the angular
dependence of the incoming signal these bent LSC-PV elements are expected to perform well
on both sunny and cloudy days [193].
Jimenez-Solano et al. developed a PV module that combined an LSC (LR 305 in PMMA,
2µm thick) sandwiched between ethylene vinyl alcohol-coated glass covers, with two CIGS
cells placed in-plane with the LSC, separated by an air gap. The performance of the LSC was
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Figure 1.29: Photographs of (A) flat 100× 100 mm2 LSC prototype with four PV cells (each
strip consists of c-Si PV cells with two PV cells) and (B) bent 157× 100 mm2 LSC prototype
with six PV cells. Adapted from [193]
enhanced by coupling the luminescent film to nano-structured photonic crystals made of a
periodic structure of alternating porous titania and silica nanoparticle layers, that simultane-
ously enhanced radiation absorption at shorter wavelengths and radiation-guiding at longer
ones. Optimized modules showed incident to guided photon efficiencies around 28 % higher
than those containing no photonic crystal layer (PCE=8.14 %) [178].
Complementary radiation management techniques, such as surface plasmon resonance
(SPR) and Bragg reflectors can also be integrated with LSCs to enhance their performance.
Chen et al. recently reported the fabrication of electrospun organic nanofibres comprised of
poly[2,7-(9,9- dihexylfluorene)-alt-4,7-(2,1,3-benzothiadiazole)] nanoparticles as the LSC and
Ag nano-particles for the SPR effect. The nanofibres were integrated into OPV cells as an
aligned, check-patterned network, leading to a PCE of up to 7.12 %, an 18 % enhancement
compared to the parent device [194].
Photonic nanostructures such as 3D opals have also been integrated into LSCs to modify
the angular emission profile of the luminophore, such that the emitted photons are coupled
more effectively into the TIR of the waveguide [195]. Photonic nano-spheres have been used to
extend the spectral range of collection of LSCs. Bozzola et al. coated an LSC with a monolayer
of self-assembled polystyrene nanospheres, whose role was to promote forward diffraction into
the waveguide slab at wavelengths not absorbed by the luminophore. The wavelengths of the
diffracted radiation were tuned by changing the diameter of the nanospheres, with an optimum
diameter of 700-800nm found to effectively diffract NIR photons into the waveguide [196].
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1.3 Objectives of the thesis
From the survey of the state-of-the-art presented above, it is clear that the global need
to improve the efficiency of PV devices is still a pressing issue, one that can potentially be
achieved through the coupling of luminescent layers and/or luminescent solar concentrators
to PV cells. Despite several recent works on the subject (presented in Tables 1.1 and 1.2),
there are several challenges to be addressed regarding both optically active materials and
device characteristics. Ideally, materials must have high absolute emission quantum yield,
and broad absorption and emission bands that overlap with the solar spectral irradiance and
PV cells absorption, respectively. Organic-inorganic hybrid materials doped with highly ef-
ficient optical active centres are prime candidates as they meet all the desired requirements.
Concerning the optimisation of device characteristics, improvements in efficiency can be ob-
tained by increasing the ratio between the exposed and collection areas (geometrical gain) of
LSCs. This ratio is dependent on the geometry of the LSC, and the cylindrical geometry is
potentially more advantageous than the planar geometry. Following the results reported in
the literature the objectives of this thesis are described hereinafter.
One of the objectives of this thesis was to produce and characterize transparent organic-
inorganic hybrids with controlled thickness and refractive index using PMMA, di- and tri-
ureasils incorporating Ln3+ and organic dyes. These materials were used to fabricate LDS
layers and LSCs.
In what concerns LDS layers, the main goal of this thesis is to address the issue of the
mismatch between the AM1.5G spectrum and the PV cells absorption curve, as well as the
impact of the reflectance on the performance of the devices. To this end, vis-NIR Ln3+ based
ionogels were studied.
One of the challenges to improving LSCs perfomance is related to increasing the geomet-
rical gain and, consequently, the concentration factor that quantifies the overall performance
of LSCs. To that, both planar and cylindrical LSCs were fabricated. LSCs based on a novel
flexible cylindrical geometry were processed by filling PMMA plastic optical fibres with the
optically active hybrids. This all-polymer fibre-LSCs benefit from large-area and lightweight.
This innovative approach presents an advantage over coated optical fibres, protecting the
active medium from environmental conditions, and opens the door to further studies on LSC
architectures based on hollow-core fibres. One further goal of this thesis is to modify the outer
41
Introduction
geometry of LSCs to allow easier coupling between them, forming an LSC matrix (bundle),
to maximize the coverage area of a square PV cell. All aforementioned LSCs configurations
will likely have distinct geometrical gain factors, and it is thus also an aim of this thesis to
study the impact of these factors on performance.
The response of Si PV cells is maximal in the NIR wavelength range, so that LSCs
optimised for coupling with Si PV cells can benefit from optically active centres that emit
in the NIR range. In this thesis, both visible and NIR-emitting organic dyes were tested, in
planar and cylindrical hollow-core LSCs.
A further challenge to the production of luminescent layers is the use of abundant and
sustainable molecules. With sustainable LSCs design in mind, we may draw inspiration from
photosynthesis, and view PV solar energy conversion as artificial photosynthesis stopped
short. Chlorophyll is key to photosynthesis, as it is responsible for sunlight harvesting, and
its emission properties in the red-NIR spectral region are resonant with the main absorp-
tion region of the most common Si PV cells. R-phycoerythrin (R-PE), a phycobiliprotein
extracted from Gracilaria sp. algae was also studied in different LSC geometries. Despite
their attractive properties, the use of natural-based dye molecules in LSCs is poorly explored,
an issue this thesis also seeks to address.
Finally, this thesis addresses the quantification of LSC performance. Several measures
of LSC performance are reported in the literature, which often makes comparison hard or
impossible. This issue is addressed in detail later on, and complemented by Monte Carlo
ray-tracing simulations of LDS layers and LSCs performance as a function of geometrical and
material properties (absorption and emitting spectral range, absolute emission quantum yield
and dispersion curve).
1.4 Organization of the thesis
This thesis is divided in 8 chapters, as follows:
In Chapter 1, the state of the art and the context of the present work are described, as
well as the main motivations and goals.
In Chapter 2, the background information of LSCs and LDS layers in what concerns to
working principles and performance quantification, in the absence and in the presence of PV
cells. Here, concepts like optical conversion efficiency, power conversion efficiency, radiation
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trapping, integral overlap and external quantum efficiency are addressed.
In Chapter 3, a historical background and introduction to Monte-Carlo ray-tracing algo-
rithms are described as well as its implementation in the scope of the present work.
In chapter 4, the synthesis and preparation of the used materials, including the organic-
inorganic hybrids, polymers and dopants are described.
In chapter 5, the fabrication and characterization of transparent LDS layers and pla-
nar LSCs made of PMMA doped with Ln3+ based ionogels are described. As well as the
fabrication and characterization of NIR emitting LSCs based on SiNc.
In chapter 6, the fabrication and characterization of hollow-core triangular shaped POFs
filled with organic-inorganic hybrids doped with Eu3+ complex, and organic dyes like rho-
damine 6G and rhodamine 800 were addressed. Also, due to the triangular shaped POFs, a
LSC based on a bundle structure was optimized to cover the PV cell.
In chapter 7, sustainable LSCs were developed. Here, planar LSCs based on chlorophyll
were fabricated and characterized as well as cyllindical and bundle liquid-LSCs produced
based on R-PE.
Finally, in chapter 8, the general conclusions and future prospectives are described. In
Appendix A, the description of some devices and experimental techniques is detailed and a
list of publications resulting from this work is presented in Appendix B.
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Chapter 2
Fundaments and background
2.1 Working principle of down-shifting layers
Luminescent down-shifting (LDS) is a purely optical approach to increase a solar cell’s
ultra-violet/blue response by shifting short wavelength radiation to longer wavelengths where
the external quantum efficiency (EQE) of the solar cell is higher [18, 50, 91, 197, 198]. The
down-shifted photons have energy that better match with the photosensitivity spectral re-
sponse of the solar cell as illustrated in Figure 1.3 for different types of PV cells. In the
device, LDS layers, the luminescent material convert the high energy photons to lower energy
photons before the interaction with the solar cell occurs.
2.1.1 Performance quantification
The LDS layers performance is quantified by relative changes in the EQE and in the I-V
curves of a PV cell measured with and without the layer [51, 54, 72]. The EQE, particularly,
measures the wavelength dependency of the PV cell response and thus allows the direct
quantification of the role of the LDS layers. The material of the matrix used in LDS layers
does not have the need for long range TIR as geometric concentration is not involved; but a
refractive index between 1.4 and 2.4 is still advantageous to minimize both surface reflection
and scape cone losses [161]. If a host material is used, its thickness must be optimized in
order to minimize edge emission [50, 74].
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Figure 2.1: (A) Schematic representation of the working principle of a LSC. (B) Photolu-
minescence processes employed in spectral converters and their integration with PV cells
to form luminescent solar devices. Simplified energy level diagrams for down-shifting (DS),
down-conversion (DC) and up-conversion (UC). DS converters absorb a single high energy
UV/blue photon and convert it to an emitted photon of lower energy. In DC, a single high
energy photon is downconverter into two (or more) lower energy photons. Conversely, UC
materials absorb two (or more) low energy photons and convert them to one emitted high
energy photon. Adapted from [16].
2.2 Working principle of luminescent solar concentrators
A LSC may be represented as a transparent substrate doped with optically active ions.
The principle of operation of a LSC is illustrated on Figure 2.2. The sunlight is incident on
the top of the transparent substrate, with a refractive index n. Since there are optically active
centres in the substrate, they will absorb the sunlight and re-emit it at a specific wavelength.
The emitted radiation is transported to the edge, until it reaches the PV cell attached, by
TIR, if the emission angle is greater than the critical angle (θc). The other edges of the LSC
should be covered with a reflective coating (or PV cells) to trap photons inside the transparent
substrate avoiding to escape.
The principle of TIR is based on the refraction and reflection phenomena resulting from
radiation propagation mediums with distinct refractive indexes (Figure 2.3) [199]. An incident
ray on a medium with a refractive index ni reaches the interface with an angle θ1 and can
be either refracted to another medium with refractive index nj or reflected with an angle
θ2. There is a limit situation in which the incident beam with an angle smaller than 90
◦, θc,
originates a refracted beam that propagates parallel to the interface between the dielectrics.
Any incident beam with an angle greater than θc will not be refracted, but totally reflected
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Figure 2.2: Schematic representation of the working principle of a LSC and of the main loss
mechanisms: 1) total internal reflection; 2) radiation emitted through the escape cone; 3) re-
absorption of the emitted radiation by an optical active centre (solid sphere); 4a) non-absorbed
radiation; 4b) non-radiative deactivations; 5a) surface reflection; 5b) internal waveguide scat-
tering; 5c) self-absorption; 5d) surface scattering. Although not represented for simplicity,
the photostability of the emitting centres could also be a loss source in LSCs. Adapted from
[23].
instead.
Figure 2.3: Schematic representation of total internal reflection principle.
Nevertheless, part of the emission is lost through the escape cone at the surface. The
escape cone is determined by θc, (through Snells law) [168]:
θc = sin
−1
(
nj
ni
)
(2.1)
Several loss mechanisms may be present in LSCs which reduce the amount of radiation
reaching the PV cells [23]. The main ones are represented in Figure 2.2. As mentioned above,
the emitted radiation is only trapped inside the waveguide if the angle of incidence is greater
than θc. If it is less than θc, the radiation leaves the waveguide through the called escape
cone and is lost (2). Also, if the absorption spectrum overlaps the emission one, re-absorption
of the emitted radiation may occur (3). The absorption range of the optically active centre
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is important because, in the case of optically active centres with limited absorption range,
some non-absorbed incident radiation can pass through the waveguide (4a). Moreover, if the
optically active centre has a non-unity q, emission may not occur and the absorbed photon
is lost (4b). A small fraction (∼ 4 %, assuming a typical ni ∼ 1.5) of incident radiation is
reflected from the surface of the waveguide (5a) through the so-called Fresnel reflection. The
emitted radiation may also be scattered (5b) or absorbed (5c) by the waveguide material and
lost. Also, some surface scattering may occur (5d).
2.3 Radiation trapping
In a LSC in which the optically active layer is deposited on top of a transparent substrate,
radiation trapping may occur only in the optically active layer or in the combined system
of the optically active layer and the substrate, according to the refractive index contrast,
∆ni,j = ni − nj with i, j = 1, 2, 3, between the (1) air, (2) optically active layer and (3)
substrate (Figure 2.4) [152].
Figure 2.4: Schematic representation of the cross-section of example LSCs with (A) ∆n2,3 < 0
and (B) ∆n2,3 > 0, with the escape cones and radiation trapped in the substrate and in the
optically active layer (orange) and only in the hybrid (brown). The critical angles θc are also
indicated.
In the cases where ∆n2,3 < 0 (Figure 2.4a), radiation propagation of converted radiation
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would occur mostly in the substrate than in the optically active layer. If ∆n2,3 > 0 (Figure
2.4b), trapping will occur within the external interface with air and also in the optically active
layer-substrate interface, with most of the propagation occurring in the optically active layer.
For planar LSCs where an optically active layer is deposited on top of a substrate, the
trapping efficiency is defined as follows [200]:
ηtrap =
(
1− 1
n2p
)1/2
(2.2)
where np is the refractive index of the emitting medium at λp. It is defined as the fraction
of photons confined within the substrate, i.e., the fraction of photons emitted from the edge
versus the photons emitted from the face and edge combined. This term accounts for the
emission losses at the surface through a so-called escape cone (Figure 2.2).
Considering a cylindrical substrate (hollow-core filled optical fibres or coated optical fibres)
the trapping efficiency is defined by the optical energy trapped (or guided) by the fibre divided
by the total energy emitted within it by the fluorophores of the optical active layer [201].
Trapping efficiency can be derived as function of the cladding-to-core refractive index ratio
as follows [201]:
nt = 1−
(
ncore
nclad
)2
(2.3)
where ncore and nclad are the refractive index of the core and the cladding, receptively.
Another parameter that contributes to nt is the distance r from the fibre centre at which
the emission occurs which, for a POF with external diameter R, is given by [202]:
nt = 1− 1
pi
∫ pi
0
√(
n−2clad −
( r
R
)2
sin2β
)
1−
( r
R
)2
sin2β
dβ (2.4)
where r is the radial distance of the cylinder with radius R.
The influence of how reflectance affects the absorption ability of the PV device, can be
determined by the Haze factor. It refers to the degree of incident radiation scattered forward
towards the absorber layer. It can be described by the ratio between the diffuse reflectance
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(Rdiffuse) and total reflectance (Rtotal), [203, 204].
Haze =
Rdiffuse
Rtotal
(2.5)
2.4 Performance quantification
The LSCs performance quantification has been reported in several distinct ways in the
literature. Here, we revise the different approaches.
2.4.1 Planar and cylindrical geometries
The performance of a LSC is quantified by the optical conversion efficiency (ηopt) which
is a measure of the ratio between the output power at the LSC edges (Pout) and the incident
optical power (Pin) [110, 141, 181, 200, 205]:
ηopt =
Pout
Pin
(2.6)
The ηopt can be described by weighting all the losses (Figure 2.2) in the LSC, given by
the product of several terms [200]:
ηopt = (1−R)ηabsηSAηyieldηStokesηtrapηtr (2.7)
in which:
• R = (nj−ni)2/(nj+ni)2 is the Fresnel reflection coefficient for perpendicular incidence,
in which ni represents the refractive index of the optically active layer at the incident
wavelength (λi).
• ηabs = 1 − 10−A is the ratio of photons absorbed by the emitting layer to the number
of photons falling on it, with A representing the absorbance value at λi. For LSCs
with a non-planar geometry, ηabs is not constant along the device surface and, then, the
thickness must be estimated accordingly. For instance, for cylindrical geometry, and
perpendicular incidence of Sun radiation, the optical absorption path increases from
the middle to the surface along the radial direction.
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• ηSA is the self-absorption efficiency, arising from self-absorption of the emitting centres.
When the spectral overlap between the excitation and emission spectra of the emitting
centres is null, ηSA = 1, as in the case of Ln
3+. If this overlap is not null, ηSA < 1, as
typically observed for dyes and QDs.
• ηyield is the absolute emission quantum yield of the optically active centre at λi.
• ηStokes = λi/λp is the Stokes efficiency calculated by the energetic ratio between the
average energy of the emitted photons (the emission peak position, λp, in energy units)
and the incident energy (corresponding to λi).
• ηtrap = as defined in Eq. 2.2
• ηtr takes into account the transport losses due to matrix absorption and scattering,
frequently it is considered that ηtr = 1, as the transport and scattering losses are
neglected. Nevertheless, Graffion et al. reported that scattering plays an important
role, which readily contributes to decrease ηtr [188]. In particular, the emission ratio C,
defined as the ratio between the intensity at the surface and at the edges, was modelled
by:
C =
ηoptAt
ηsf
2
Ae
=
2ηtrap
(1− ηtrap)
As
Ae
(2.8)
where
ηsf = (1−R)ηabsηyieldηStokesηtrap(1− ηtr)ηSA (2.9)
is the conversion efficiency of the signal emitted at the surface of the film (in which
the trapping efficiency is replaced by its complementary value, (1 − ηtrap), As and Ae
are the top surface and edge surface area of the LSC (assuming all of the other faces
with reflective coatings and a white diffuser on the rear side [172]), respectively, and the
factor 1/2 takes into account the emission regards only one film surface. The C factor
predicted by Eq. 2.8 should be compared with that measured experimentally [188].
It was demonstrated in the literature that, for LSCs based on bridged silsesquioxane
hybrids doped with Eu3+, the value estimated by Eq. 2.8 was substantially higher
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(C = 57) than the experimental value (C = 6). Such discrepancy was explained by
considering that the signal trapped in the waveguide will lose part of its intensity due to
scattering effects along the propagation in the film, in a similar way that was performed
in the estimation of the losses incurred by self-absorption in LSCs of liquid solutions of
PbS QDs [206]. Therefore, Eq. 2.8 was rewritten as follows:
Ceff =
2ηtrηtrap
(1− ηtrap) + (1− ηtr)
As
Ae
. (2.10)
Although not usually mentioned in the literature, notice that ηopt is dependent on the
excitation wavelength. Therefore, the calculus of the overall ηopt through Eq. 2.7 requires
integration over the excitation spectrum limits (λ1 and λ2):
ηopt = ηtrap(λp)
1
(λ2 − λ1) ×
∫ λ2
λ1
(1−R(λi))ηabs(λi)ηyield(λi)ηStokes(λi, λp)dλi (2.11)
with ηSA = ηtr = 1 [188, 200]. Obviously, integration limits that lie outside the AM1.5G
spectral range are not useful for PV conversion. In this sense, an effective ηopt can be calcu-
lated replacing the limits in Eq. 2.11 by those of the overlap integral between the excitation
and the AM1.5G spectra, given by [156]:
O =
∫ λ2
λ1
ΦAM1.5G(λ)× (1− 10−A(λ))dλ (2.12)
where λ1 and λ2 are the limits of the spectral overlap between the excitation spectrum of the
optical active layer and the AM1.5G spectrum, ΦAM1.5G is the photon flux of AM1.5G and
A is the absorbance of the active layer [207].
The variation of the percentages of the AM1.5G solar irradiance (Figure 2.5) points out
that for excitation wavelengths between 280 and 320nm only 0.15 % is available for down-
shifting conversion and that between 280 and 400nm that percentage increases to 4.6 % [5].
The ηopt values calculated through Eq. 2.11 can be directly compared with those estimated
by Eq. 2.6 and represent a valuable tool to describe the performance of a LSC in the absence
of a solar simulator.
The predictable maximum limit for ηopt was theoretically studied [119, 130, 161, 208, 209]
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Figure 2.5: Calculated percentages of the AM1.5G solar spectrum emitted between 300nm
and 500nm. Adapted from [5].
not taking into account the wavelength dependence. For instance, efficiency calculations with
conventional PV cell theory applied to LSCs in a stack of transparent sheets involving dyes
and semiconductors (Ge, Si, GaAs) yield a theoretical maximum conversion efficiency of 30 %,
although more realistic values around 20 % have been mentioned under optimum conditions
[161]. Monte-Carlo studies (taking into account the absorption and emission probabilities) on
LSCs based on perylimide dyes embedded in GLYMO ((3-Glycidoxypropyl)trimethoxysilane)
[119], liquid solutions of Rhodamine B and Red305 encapsulated in glass tubes [208], and
commercial CdSe-CdTe QDs [209] were also performed. Moreover, a mathematical assess-
ment of LSCs accounting for all the intrinsic (size, shape, design and materials) and extrinsic
(geographical, seasonal and spectral distribution of solar radiation) factors that influence the
performance of such devices was also reported [165]. In all these works, the main limiting fac-
tor is the high spectral overlap between emission and absorption spectra that yield maximum
values of ηopt within 20-30 %.
The maximum limit for ηopt can be also inferred through a simpler analysis of Eq. 2.7,
considering that all the involved parameters can be near the unit, except ηopt and ηStokes. For
typical values of the refractive index around 1.5, ηtrap ∼ 75 % and for a wavelength shift from
the UV/blue to the red spectral region around 690nm (wavelengths at which the a-Si PV
cells are more efficient) [5] ηStokes ∼ 50 %, the maximum predictable value for ηopt is ∼ 40 %.
Besides ηopt, another parameter that is also often used to quantify the performance of a LSC
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is the concentration factor [141]:
F = G× ηopt (2.13)
in which G is the geometrical gain factor G = As/Ae.
2.4.2 Prototype coupled to photovoltaic cells
When the LSCs are coupled to a PV device, the ηopt can be calculated by [119]:
ηopt =
Pout
Pin
=
ILSCV
L
0
ISCV0
Ae
As
ηsolar
ηLSC
∫
IAM1.5G(λ)dλ∫ λ2
λ1
IAM1.5G(λ)dλ
(2.14)
where ηLSC is the PV device efficiency at λp and ηsolar is the average efficiency value of the
cell with respect to the total solar spectrum [119]. The parameters ILSC and V
L
0 stand for the
short-circuit current and the open-circuit voltage, respectively, when the PV device is coupled
to the LSC under AM1.5G illumination. ISC and V0 represent the short-circuit current and
the open-circuit voltage, respectively, when the PV device is directly exposed to AM1.5G
illumination (in the absence of the LSC). The associated error ∆ηopt is given by:
(∆ηopt)
2 =
(
δηopt
δILSC
∆ILSC
)2
+
(
δηopt
δV L0
∆V L0
)2
+
(
δηopt
δAe
∆Ae
)2
+
(
δηopt
δηsolar
∆ηsolar
)2
+
(
δηopt
δISC
∆ISC
)2
+
(
δηopt
δV0
∆V0
)2
+
(
δηopt
δAs
∆As
)2
+
(
δηopt
δηLSC
∆ηLSC
)2
⇔ (∆ηopt)2 =
(
V L0 Aeηsolar
ISCV0AsηLSC
∆ILSC
)2
+
(
ILSCAeηsolar
ISCV0AsηLSC
∆V L0
)2
+
(
LLSCV
L
0 ηsolar
ISCV0AsηLSC
∆Ae
)2
+
(
LLSCV
L
0 Ae
ISCV0AsηLSC
∆ηsolar
)2
+
(
− I
L
SCV
L
0 Aeηsolar
(ISC)
2 V0AsηLSC
∆ISC
)2
+
(
− I
L
SCV
L
0 Aeηsolar
ISC (V0)
2AsηLSC
∆V0
)2
+
(
− I
L
SCV
L
0 Aeηsolar
ISCV0 (As)
2 ηLSC
∆As
)2
+
(
− I
L
SCV
L
0 Aeηsolar
ISCV0As (ηLSC)
2∆ηLSC
)2
(2.15)
The ratio:
ηsolar
ηLSC
=
∫
EQEPV (λ)IAM1.5G(λ)dλ∫
EQEPV (λ)Iem(λ)dλ
(2.16)
where EQEPV is the external quantum efficiency of the PV device coupled to the LSC and
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Iem is the LSC active layer emission spectrum intensity.
In the literature, Eq. 2.14 is often presented in simplified formulations given by Eq. 2.17,
Eq. 2.18 [110, 141, 180, 181, 205, 206, 208] and Eq. 2.19 [175, 180, 206, 210, 211], that are
not considered to be comparable to the ones previously described, since they will only take
into account the current delivered by the PV device, instead of the total electrical power,
despising the voltage and, thus, overestimating the ηopt values:
ηopt =
ILSC
ISC
RPV
Rsolar
Ae
As
(2.17)
in which RPV is the spectral response of the PV device to λp and Rsolar is the average
responsivity value of the cell with respect to the total solar spectrum,
ηopt =
ILSC
RPV
1∫
IAM1.5G(λ)dλ
Ae
As
(2.18)
and,
ηopt =
ILSC
ISC
Ae
As
(2.19)
Also, the following expression can be found in the literature, which does not account for
the mismatch between the emission of the active layer and the spectral response of the PV
device in use, and thus is not comparable to Eq. 2.14 [212]:
ηopt =
Pout
As
∫
IAM1.5G(λ)dλ
(2.20)
When the LSC coupled to a PV device is put under simulated solar illumination, the
overall PCE is defined as the ratio between the output electrical power and the input optical
power, given by:
PCE =
P elout
Pin
ILSCV
L
0
As
∫ λ2
λ1
IAM1.5G(λ)dλ
× FF (2.21)
where P elout and FF are the PV device output electrical power and the fill factor of the PV
device.
The performance of a LSC when coupled to a PV device may also be quantified in terms
of EQE [168, 175, 210, 213–218]. The EQE can be defined as the ratio of the number of
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generated charge carriers that actually contribute to the generated current to the number of
incident photons. The EQE of a PV device can then be expressed in terms of the incident
optical power and the current generated as [219]:
EQE =
ISC h c
Pin e λ
(2.22)
where e is the charge of the electron, h is the Planck’s constant and c is the speed of light.
In cylindrical geometries, we should note that the dependence of the optical path on the
geometry is weighted through the G parameter, by considering in the calculus of As the
effective length (Lc) that is the equivalent length for a fibre without attenuation, given by:
Lc = lim
L→∞
(
1− e−αL)
α
. (2.23)
Experimental characterization
During the course of this thesis, different LSCs geometries were tested an thus, differ-
ent experimental set-ups were implemented. In this section a description of all schemes is
presented.
The ηopt definition that was used is the one written in Eq. 2.14 The relative error
(∆ηopt/ηopt) is below 0.1 %. However, to enable a comparison with the literature, in some
cases an alternative definition was also considered, Eq. 2.19. The PCE definition that was
used is the one written in Eq. 2.21.
The experimental ηopt values were determined by illuminating the top surface of the LSCs
with simulated AM1.5G illumination. In section 5.2 and 7.3 for the planar and cylindrical
LSCs with bundle structure, the optical power at the LSC output was estimated using a
c-Si PV cell (KXOB22-12X1L, IXYS) coated by the manufacturer with an EVA film with a
mask matching Ae dimensions, according to the coupling scheme in Figure 2.7A. Whereas
no reflective devices were used on the cylindrical LSCs with bundle structure, for the case of
planar LSCs, a reflective tape (reflectance curve in Figure 2.6) was used on all the edges of the
cuvette, in the backside and in the area which is not illuminated by uniform solar simulator
radiation.
In section 5.3, 7.2 and in section 7.3 for the single-based cylindrical LSCs, the optical
power at the LSCs output was estimated using a commercial photodiode (IF D91, Industrial
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Figure 2.6: Reflectance curve of the reflective tape used on the p-LSC.
Fiber Optics, Inc.) with wall-plug efficiency to the AM1.5G solar spectrum distribution of
4 %. The photodiode was coupled to one edge of the LSC while kept inside a black cap to
prevent influence of direct illumination from the solar simulator, according to the coupling
scheme in Figure 2.7B. Despite the fact that the diameter value (10−3m) of the collection area
of the photodiode (APD) is analogous to that of the LSC thickness edge where the radiation is
concentrated, the geometric difference between the LSC edges area (Ae) and APD was taken
into account through a geometrical correction factor (Ae/APD) applied in the calculus of ηopt.
In section 6, the ηopt values were determined under natural daylight illumination (∼
944W ·m−2).
Figure 2.7: Diagram of (A) PV cell coupling to the LSC-based bundle and (B) photodiode
coupling to the LSC where the numbers stand for 1) mounting hole, 2) PV detector, 3) lens,
4) housing, 5) locking nut and 6) cylindrical LSC. The scale refers to the device dimensions.
The Isc and V0 values were measured using a source meter device (2400 Source Meter
r
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SMU Instruments, Keithley). Measurements were performed under AM1.5G illumination
(1000W ·m−2) using a 150W xenon arc lamp, class A, solar simulator (Model 10500, Abet
Technologies). The mismatch in the UV spectral region between the AM1.5G solar spectral
irradiance and that of the Xe lamp in the solar simulator was taken into consideration following
a methodology reported in detail elsewhere [159].
The EQE was calculated using Eq. 2.22. The solar simulator was coupled to a monochro-
mator (Triax 180, Horiba Scientific). The Isc andPin values were measured using the source
meter and the PV devices (photodiode or PV cell, depending on the case) above mentioned.
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Monte-Carlo ray-tracing
simulations
Monte Carlo simulations (also called ray tracing in this kind of application) are a common
tool to study radiation propagation in random media when phase-dependent wave effects, such
as interference and diffraction, can be neglected [220]. This method is particularly interesting
to approach the problem of radiation propagation in luminescent solar concentrators, because
of the possibility to incorporate multiple physics phenomena [209].
Monte Carlo algorithms are stochastic and are used to solve complex physical or mathe-
matical problems [221]. When the number of variables is large and the solution is complex,
exploring the solution space or events space randomly can give an accurate estimation of the
solution. In a typical Monte Carlo algorithm, random draws following given distributions
define a chain of local events that can characterize the global state. By repeating this process
numerous times an approximation of the solution is obtained. The accuracy of this solution
will depend on how well is the problem modelled and on the number of draws that are made
[222, 223].
3.1 Introduction
Monte Carlo methods have been efficiently used to solve a wide variety of physical prob-
lems. Although Monte Carlo is trivially a straightforward tool to stimulate random processes,
it can be used to solve problems that do not have immediate probabilistic interpretation. Be-
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fore the development of the Monte Carlo method, simulations were used to test previously
understood deterministic problems and statistical sampling was used to estimate uncertainties
in the simulations. However, Monte Carlo simulations invert this approach, solving determin-
istic problems using a probabilistic analogy [224].
Nowadays, Monte Carlo methods are used to solve problems of two types entitled prob-
abilistic or deterministic according to whether or not they are directly related with the be-
haviour and the outcome of random processes. In the case of a probabilistic problem the
simplest Monte Carlo approach is to observe random numbers, chosen in such a way that
they directly simulate the physical random process of the original problem, and allows the
inference of the desired solution from the behaviour of these random numbers [223].
Monte Carlo methods have become the model of choice to simulate radiation propagation
inside materials [225]. The Monte Carlo method describes local rules of photon propagation.
In its simplest form, this type of model defines the step size between photon-material interac-
tion sites, as well as the photon’s absorption over the length of its path, based on probability
distributions generated. The method is statistical in nature, however it relies on computa-
tional calculus of the propagation of a large number of photons. As a result, it requires a
large amount of computation time. To avoid this issue, and turn it into something more
practical for daily simulations we only chose a reduced number of photons to construct the
diagrams of photons propagation behaviour [226]. The minimum number of photons required
largely depends on the question being asked, the precision needed and the spatial resolution
required. For example, to easily find the total diffuse reflectance from a material of specified
optical properties, typically about 3 × 103 photons can yield a useful result. To map the
spatial distribution of photons, φ(r, z), in a cylindrically symmetric problem, at least 104
photons are usually required to obtain an acceptable answer. To map spatial distributions in
a more complex three dimensional problem, the number of required photons may exceed 105.
The point to be remembered in this introductory remarks is that Monte Carlo simulations
are rigorous, but necessarily statistical and therefore require significant computation time to
achieve precision and resolution. Nevertheless, the flexibility of the method makes Monte
Carlo a powerful modelling tool [226].
Another feature of the Monte Carlo method that can be used to simulate photon prop-
agation is that it does not treat photons as a wave but as a particle and thus, phase and
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polarization features are ignored, as previously said. The motivation for these simulations is
to predict radiant energy transport in a specific media. The photons are scattered multiple
times and that is why phase and polarization does not play an important role because they
are quickly randomized. However Monte Carlo simulations may be capable of bookkeeping
phase and polarization and treating wave phenomena statistically, they can be ignored [226].
The Monte Carlo simulations are based on macroscopic optical properties that are assumed
to extend uniformly over small units of material volume.
Among the several areas of application, Monte Carlo simulations are suitable to describe
phenomena in the field of photovoltaics, in particular in luminescent solar concentrators.
3.2 Historical background
This method was firstly used in the beginning of the 20th century, however extensive
applications came along with construction and use of modern digital computers from the late
1940s. Historically, the Monte Carlo method has first been successfully used to solve particle
transport problems and it is still one of the areas where it is mostly used [227].
The real use of Monte Carlo methods as a research tool derives from work on the atomic
bomb during Second World War. This work involved a direct simulation of probabilistic
problems concerned with random neutron diffusion in fissile materials. But even at an early
stage of these investigations, Von Neumann and Ulam refined this direct simulation with
certain variance-reducing techniques, in particular Russian roulette and splitting methods
[226]. However, the systematic development of these ideas had to await the work of Harris
and Herman Kahn in 1948 [223]. Late in the Second World War, Von Neumann, Frankel and
Metropolis began to carry out calculations on the first general-purpose electronic computer
[228]. While his recovery from a surgery, Ulam had thought about playing hundreds of solitaire
games to estimate statistically the probability of a successful outcome [229]. With the new
computer in mind, he realized that the availability of computers made such statistical method
very practical. Von Neumann immediately saw the significance of this insight and in March
1947 they proposed a statistical approach to the problem of the neutron diffusion into fissile
materials.
The possibility of applying Monte Carlo methods to deterministic problems was noticed by
Fermi, Von Neumann, and Ulam and popularized by them in the immediate post-war years.
61
Monte-Carlo ray-tracing simulations
About 1948 Fermi, Metropolis, and Ulam obtained Monte Carlo estimates for the eigenvalues
of Schro¨dinger equation. The subsequent intensive study of Monte Carlo methods in 50s
decade, particularly in USA, served paradoxically enough to discredit the subject. There was
an understandable attempt to solve every problem insight by Monte Carlo, but not enough
attention was paid to which of these problems it could handle efficiently and which it could
only solve inefficiently; and proponents of conventional numerical methods were not above
pointing to those problems where Monte Carlo methods were significantly inferior to numerical
analysis [223].
In the 60s, Monte Carlo methods had come back into favour due to better recognition
of those problems in which it is the best, and sometimes not the only, available technique.
Such problems have grown in number, not only because of the improved variance-reducing
techniques that made Monte Carlo efficient where it had previously been inefficient, but
also because Monte Carlo methods represent a practical way so solve problems that involve
mass of practical complications of the sort encountered more and more frequently as applied
mathematics and operational research come to grips with realities [223].
Design studies of nuclear reactors and of telephone exchanges provide other examples of
probabilistic problems. The fundamental particles of nuclear physics seem to obey probabilis-
tic rather than deterministic laws. Therefore one can simulate the performance of a nuclear
reactor by choosing random numbers that represent the random trajectories of the neutron
inside it. In this way, it is possible to experiment with the reactor without increasing the
cost, in money, time and safety of its actual physical construction. If the geometry of the
reactor is complicated, which it actually is, one will need large-scale computing equipment
to trace out the life-histories of each individual neutron according with the random numbers
that governed them [223].
More complex applications include integral calculus, electron trajectory tracing and sim-
ulation for calibration of electron microscopy [230] or modelling of radiation transport in
multi-layered tissues for biological application [225]. Prahl et al. described a method of mod-
elling radiation transport in tissue. Their paper discussed internal reflections of a photon at
boundaries, shown how the phase function may be used to generate new scattering angles,
discussed variance reduction schemes to improve efficiency and shown results for validating
the Monte Carlo implementation [220]. Monte Carlo Modelling of Light (MCML) models
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multiple layers, refraction and reflection as well as absorption and scattering phenomena.
However, it is limited in precision by a grid size, it is able to simulate radiation by packets
issued from a single directional beam [225].
As above mentioned, Monte Carlo simulations are suitable to describe phenomena in the
field of photovoltaics in particular in luminescent solar concentrators thus, some examples of
those types of Monte Carlo method applications will be shown below.
Several research groups have already reported modelling radiation propagation behaviour
inside LSCs in order to analyse the performance of this devices in detail. In 1983, Carrascosa
et al. developed a Monte Carlo simulation where they tested the performance of luminescent
solar collectors consisting of a PMMA plate with an attached film (or multiple-film stack)
or dye-activated PMMA. In this work Rhodamine 6G and Fluorol 555 have been considered
as dopant dyes. Direct and diffuse solar spectra were also simulated in order to compare
extreme insolation conditions. The configuration used appears to be a convenient one as can
be seen in Figure 3.1. These authors also determined efficiency factors as a function of the
main geometrical and optical parameters of the LSC like the effective concentration factor
G or effective electrical gain (ratio between the electrical power generated from a cell at the
edge and that obtained when the cell directly faces the Sun at the upper face); the relative
electrical collector efficiency ηREL, ratio between the total electrical power generated with
the cells covering the edge of the collector and that obtained with the cells filling the upper
face and directly facing the Sun; and the overall collector efficiency, ηLSC , ratio between
the electrical power generated with the cells covering the edge and the total power of solar
radiation impinging the upper surface of the collector. They concluded that a multiple-
film based LSC offers better performances because of the extended spectral range for dye
absorption [231].
In 2007, Kostro developed a Monte Carlo ray tracing software called PhotonSim for simu-
lation of solar concentrators. The aim was to simulate the behaviour of radiation in materials
with specific properties and offer to users a flexible tool for the design of concentrators with
various photoluminescent characteristics, proportions and layouts. Materials of particular in-
terest for these studies are organic dyes and quantum dots which have the capacity to absorb
and re-emit radiation and thus can be used to concentrate both direct and diffuse radiation.
Well knowing the characteristics of the luminescent material (emission and absorption spec-
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Figure 3.1: Schematic representation of a LSC, where can be seen the path of a useful light
ray. P corresponds to the point of incidence of the solar ray, and Q is the point where it is
absorbed and reemitted by the dye (λ exchanges to λ′). Some geometrical parameters are
also indicated, d is the thickness and L is the length. θ and Φ are the angular coordinates
(incidence and azimuth, respectively). Adapted from [231].
tra) one can easily modify the dimensions, layout and optical characteristics of a concentrator
and estimate their impact on the performance. It also offers the possibility to try out different
configurations: a volume concentrator could be compared to a layered concentrator where the
external layers only have absorbing properties whereas the internal layer conducts radiation,
for example [222].
In the same year, Sholin et. al using Monte Carlo simulations calculated the optical effi-
ciency of LSCs where the photons collection could be made through a single-edge or through
the full-perimeter. They simulated different quantum dots and organic dyes. The most ef-
ficient LSC were based on Rhodamine B with an optical conversion efficiency of 22.5 % for
full-perimeter photons collection. They concluded that the overlap between the absorption
and emission bands in commercially available quantum dots are a limiting factor in efficient
LSCs. They also simulated both rectangular and square geometries suggesting that the de-
pendence of the optical efficiency on the shape of the LSC is of minor importance. The
development of infrared-emitting polymers for use in organic light-emitting diodes may soon
provide several good LSC dyes allowing 30 % LSC optical efficiencies as needed for commercial
applications [208].
Another example can be seen in the work of S¸ahin et al. where they tested semiconductor
nanoparticles with a wide absorption band and small reabsorption probability as dopants in
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luminescent solar concentrators. They used Monte Carlo simulations of photon transport
to predict the performance of the LSCs based on type II CdSe-CdTe quantum dots, see
Figure 3.2A, and CdSe-CdTe nanorods, see Figure 3.2B. Their computations suggests that
semiconductor-based LSCs can be highly efficient resulting in an optical efficiency of 23.27 %.
The optimum performance is reached with a fairly long LSC with a photovoltaic cell cov-
ering only one edge. In addition, when the LSC has CdSe-CdTe nanorods that are aligned
perpendicularly to the top surface, the escape of photons from the top surface is significantly
reduced. These results are encouraging for cost-effective LSC designs based on semiconductor
nanoparticles [209].
Figure 3.2: Illustration of radiation propagation in LSC with (A) quantum dots and (B)
nanorods. Adapted from [209].
In 2014, Meinardi et al. using Monte Carlo simulations showed a 100-fold increase in ef-
ficiency using giant quantum dots compared with core-only nanocrystals. They demonstrate
the feasibility of using high-optical-quality quantum dot-PMMA nanocomposites fabricated
using a modified industrial method that preserves the radiation-emitting properties of giant
quantum dots upon incorporation into the polymer. The results demonstrate the significant
promise of Stokes-shift-engineered quantum dots for large-area luminescent solar concentra-
tors and an optical efficiency of 10.2 % was obtained. Figure 3.3 shows two results obtained
for different number of propagated photons [170].
More recently, the same authors, demonstrated the use of indirect band gap semiconductor
nanostructures such as highly emissive silicon quantum dots. The simulations indicate that
η ≥ 6 % is achievable on increasing the thickness of 12×12 cm2 devices to 2 cm, which enhances
65
Monte-Carlo ray-tracing simulations
Figure 3.3: Illustration of radiation propagation in LSC with (A) quantum dots and (B)
nanorods. Adapted from [209].
the solar harvesting capability of the experimental LSCs without significant reabsorption
losses. Increasing the LSC area to 1m2 leads to the expected mild reduction of the optical
efficiency due to the combined effect of weak reabsorption and scattering losses. However,
the optical efficiency is preserved at larger than 3 % for 2-cm-thick slabs, and the device peak
power output increases with the LSC dimensions, reaching over 30W . They also study the
ultimate device performances achievable using these LSCs simulating the situation in which
the emission efficiency of the Si quantum dots reaches the fully optimized value (100 %).
Their calculations indicate that η = 15 % would be obtained by increasing the thickness of
the experimental 12 × 12 cm2 LSC to 2 cm and that efficiency as high as η = 7 % would be
achieved even for the 1 × 1m2 device, which would therefore generate over 70W of peak
optical power [232].
3.3 Monte Carlo ray-tracing algorithm
The scope and goal of this chapter is to study the working principle of Luminescent Solar
Concentrators and understand its processes in order to develop a proper strategy to try to
enhance its efficiency mostly through geometry optimization. With this goal in mind, a Ray-
Tracing simulation model based on the Monte Carlo method was developed and implemented
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in Matlab. I would like to enphasise that the algorithm described herein was implemented by
M.Sc. Luis Minas at Instituto Superior Te´cnico, Universidade de Lisboa within the scope of
his master thesis. I have since adapated the Monte-Carlo ray-tracing program to simulate the
LSCs and LDS layers presented in this thesis. This method is based on splitting the radiation
in a finite number of solar beams, so that a tracing of each ray that enters the LSC matrix
can be done. By modelling the path described by each ray one can know whether the photons
were trapped inside the substrate, absorbed by the luminescent species, how many reflections
have they suffered, if they were lost in the matrix, or collected at the edges [222].
The Monte Carlo algorithm is stochastic and typically consists of random draws based
on given distributions that characterize a sequence of local events that define a global one
and lead to a final state. By repeating this process a considerable amount of times, an
approximation of the solution is reached [233]. Hence, the more repetitions are made, the
more accurate the solution will be. In order to ensure this, 106 photons are tested in each
simulation.
As previously mentioned, Monte Carlo simulations are a common tool to study radiation
propagation inside luminescent solar concentrators as phase-dependent wave effects can be
negligible turning it into something more practical. Figure 3.4 shows the flowchart of the
Monte Carlo algorithm that we intend to use. The inputs of the Monte Carlo ray-tracing
simulation consist of the solar spectrum AM1.5G (280-1600nm), the absorption and emission
spectra, the absolute emission quantum yield and dispersion curve of each LSC. Furthermore,
we consider a thin layer of air underneath the LSC.
With each run of the algorithm, a photon with a randomly selected wavelength is launched.
The wavelength of the photon is generated accordingly with the AM 1.5G Solar Spectrum
and then we begin to trace its position.
Being the initial position at the top of the matrix (air region), the user is allowed to assign
either a 90◦ or a random angle incidence of the ray with respect to the surface of the LSC
(to allow and predict the possibility of diffuse radiation hitting the LSC). If the photon does
not miss the matrix or is reflected at the top, it enters the LSC region. Then a couple of
tests are made to check if the luminescent species absorb and emit the radiation. Firstly, a
comparison of a random generated number between 0 and 1 is compared with the absorption
probability of the active centres for the previously predetermined wavelength of the photon.
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Figure 3.4: LSC Monte Carlo ray-tracing flow chart.
In order to get the absorption probability the A in ηabs = 1− 10−A is replaced by:
A = αλPhotonStep (3.1)
being αλ the attenuation coefficient per wavelength of the luminescent specie and Photon
Step the desired minimum distance that the photon will travel in each iteration. If proves
to be higher than the random number generated then an absorption event has taken place.
If not the photon continues its path accordingly to its direction vector, until another check
is made and it gets absorbed, reflected or refracted at one of the edges of the LSC. If an
absorption event in the LSC is recorded, then another test is made, comparing once again
a random number between 0 and 1 and the absolute emission quantum yield (ηyield) of the
emitting centre for each photon wavelength. If the ηyield is higher than the number generated
the active centre will fluoresce and emit a photon with a new wavelength (with respect to its
emission spectrum) and a random direction. If the photon fail this test it is considered lost
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to non-radiative losses and another photon is launched.
When the photon reaches an edge, either unabsorbed or after absorption and posterior re-
emission, two possible outcomes are possible. It can be reflected and remain in the LSC region
or it can be refracted and enter the waveguide, the PV cell or the air region. Considering that
it hits the PV cell, a PV absorption is recorded, the corresponding position on the PV cell
and the wavelength of the photon is saved to check if there is the possibility of photocurrent
conversion and we move to the next photon.
Inside the waveguide region the photons suffers more reflections and refractions when it
hits its edges and it may either return to the LSC region, hit the PV cell or even refract to
an air surrounding region. There are two possibilities for the photon to be found in an air
region. If it is its first iteration, it means that it is awaiting launch and it is allowed to move
forward and try to penetrate the substrate. If not, then it has escaped from the matrix and
is considered lost.
The possibility of adding more than one optically active layer on top of the waveguide was
considered. This allow us to test the matrix behaviour with the feature of multilayer, being
able to combine different absorption and emission spectra from several kinds of emitting
centres to make a better use of the solar spectrum and try to diminish some performance
cutback factors such as reabsorption events. The flow chart that can be seen in Figure 3.4
still applies either we have one, two or three optically active layers stacked up in the waveguide.
The only difference is that when the photon leaves one LSC region, it can move to another
layer, or as depicted before it can travel to the waveguide, PV cell or escape to an air region.
All of the layers that may be included in the multilayer feature execute the same tests with
the particularity that each one have distinct emitting centres encapsulated.
Using the algorithm above described it is possible to determine several quantities that
allow the calculation of the theoretical ηopt values for each material and geometry simulated.
For simulation purposes the ηopt is defined as the energy emitted (per unit of time) from the
edge of the LSC divided by the solar energy falling on the LSC (per unit of time). Thus, the
Pin and Pout can be written as follows:
Pin =
hc
λ
#IncidentPhotonsMC (3.2)
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and
Pout =
hc
λ
#PhotonsPV (3.3)
Assuming that all photons launched in the simulation hit the matrix in one second:
#IncidentPhotonsMC =
PhotonsMC
AreaLSC
[photons · s−1 ·m−2] (3.4)
where the subscript MC stands for the Monte Carlo Simulations, we are able to determine
the photon density used in our tests. Since to accurately reproduce the incident power of the
Sun we would need a much larger number of photons, we apply a ratio with respect to the
number we have used (one million in each sample):
CorrectionRatio =
#IncidentPhotonsMC
#IncidentPhotonsLSC
(3.5)
In order to calculate the short circuit current generated by the PV cell, we can write the
following expression:
#ChargeCarriersPV = PhotonsPV × EQE (3.6)
where PhotonsPV represents the number of photons that have reached the PV cell from the
LSC. The short circuit current generated after the ratio correction comes then:
ISC =
q ×#ChargeCarriersPV
CorrectionRatio
[A]. (3.7)
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Optically active layers processing
In this thesis, poly(methyl methacrylate) (PMMA) and organic-inorganic hybrids, named
di/tri-ureasils, formed by polyether-based chains grafted to a siliceous backbone through urea
cross linkages, were used as hosts for incorporation of the optically active centres. The PMMA
was doped with ionogels based on Ln3+ like Tb3+, Eu3+, Y b3+ and Nd3+. The Ln3+-based
ionogels were synthesized by Marita Cardoso MSc (PhD student at University of Aveiro) in
close collaboration with the group of Professor Vero´nica de Zea Bermudez from University of
Tra´s-os-Montes and Alto Douro. The ionogels incorporation in the PMMA and processing as
films or monoliths were performed by myself and Marita Cardoso. The di-ureasil, d-U(600),
and tri-ureasil, t-U(5000), organic-inorganic hybrids were doped with Eu(tta)3 · 2H2O (tta=
2-thenoyltrifluoroacetone) complex, Rhodamine 6G (Rh6G), Rhodamine 800 (Rh800), silicon
2,3-naphthalocyanine bis(trihexylsilyloxide) (SiNc or NIR775) organic dyes and chlorophyll
molecules. The organic-inorganic hybrids and the Eu(tta)3 · 2H2O complex were synthesized
by Lianshe Fu PhD (Principal researcher in physics department at University of Aveiro).
The Eu3+-based complex and organic dyes (Rh6G, Rh800 and SiNc) incorporation into the
organic-inorganic hybrid materials were performed by myself. The chlorophyll molecules were
extracted and purified by Edison Pecoraro PhD from the group of Professor Sidney Ribeiro
from UNESP - Institute of Chemistry, Sa˜o Paulo State University, Araraquara-Sa˜o Paulo,
Brazil. Also, R-phycoerythrin (R-PE), which is a phycobiliprotein, extracted from Gracilaria
sp. algae was used as an aqueous solution. The R-PE was extracted and purified by Mar-
garida Martins MSc (PhD student at University of Aveiro) and So´nia Ventura PhD (Principal
researcher in chemistry department at University of Aveiro) from the group of Professor Joa˜o
71
Optically active layers processing
Coutinho from the chemistry department at University of Aveiro. The materials synthesis
and extraction details are described below.
4.1 Lanthanide doped PMMA
4.1.1 Materials
The following chemicals were used as purchased: N-butylimidazole (BIm) (98 %, Aldrich),
(3-chloropropyl)trimethoxysilane (TMSP) (97 %, Aldrich), Terbium(III) chloride hexahydrate
(TbCl3·
6H2O) (99.9 %, Acros Organics), Europium(III) chloride hexahydrate (EuCl3·6H2O) (99.99 %,
Aldrich chem. co), Ytterbium (III) chloride hexahydrate (YbCl3·6H2O) (99.9 %, Aldrich),
Neodymium(III) chloride hexahydrate (NdCl3·6H2O)
(99.9 %, Aldrich), 2-thenoyltrifluoroacetone (TTA) (99 %, Aldrich), methyl methacrylate (99 %,
Acros), benzoyl peroxide (97 %, Alfa Aesar), anhydrous acetic ester (98.8 %, Sigma-Aldrich),
ethanol (EtOH) (99.8 %, Fisher Chemical) tetrahydrofuran (THF, Sigma-Aldrich) sodium
hydroxide (NaOH, Merck), dichloromethane (DCM, Fisher Chemical). High purity distilled
water was used in all experiments.
4.1.2 Synthesis of 1-butyl-3-[3-(trimethoxysilyl)propyl]imidazolium chlo-
ride ([B(TMSP)Im]Cl) ionic liquid
The novel ionic liquid 1-butyl-3-[3-(trimethoxysilyl)propyl]imidazolium chloride
([B(TMSP)Im]Cl) was synthesized by mixing one equivalent of N-butylimidazole (BIm) with
one equivalent of (3-chloropropyl)trimethoxysilane (TMSP). The mixture was stirred at 70 ◦C
for 5 days under nitrogen atmosphere. Then, the pale-yellow viscous product was washed with
anhydrous acetic ester (10mL) three times. The resulting ionic liquid was dried under vacuum
condition to remove the excess acetic ester and stored also under vacuum conditions.
4.1.3 Ln3+-based complexes [NaLn(TTA)4], with Ln = Tb, Eu, Yb and Nd.
The Ln3+-based complexes [NaLn(TTA)4], with Ln = Tb, Eu, Yb and Nd were syn-
thesized following the procedure: 0.889 g (4 equivalent) of TTA was dissolved in EtOH and
deprotonated with 0.16 g NaOH (4 equivalent) at 50-60◦C for 2hours followed by the drop-
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wise addition of 1 equivalent of LnCl3·6H2O, with Ln = Tb, Eu, Yb and Nd, respectively
dissolved in ethanol. The mixtures were kept at 50-60 ◦C for another 1hour. Then, the
ethanol was evaporated under reduced pressure on a rotary evaporator and dried for 3 days
at 50◦C. The Ln3+-based complexes were then dissolved in THF to remove sodium chloride
by precipitation and centrifugation (three times at 3000 rpm). The products were dried in
an oven at 50◦C, washed with ultrapure ice water and dried again in an oven at 50◦C. The
resulting powders were again dried under vacuum conditions and stored.
4.1.4 Synthesis of ionogel [B(TMSP]Im][Ln(TTA)4], with Ln = Eu, Tb, Nd
and Yb
The [B(TMSP]Im][Ln(TTA)4] ionic liquids were produced by reacting 1 equivalent of
[Na[Ln(TTA)4] with 1 equivalent of [B(TMSP)Im]Cl in THF under nitrogen atmosphere.
On the second stage of the synthesis, a volume of ethanol and water were added to the
ionogel solution prepared in the previous step (molar proportion 1 [B(TMSP]Im][Ln(TTA)4]:4
EtOH:1.5 H2O) to initiate the sol-gel process, Figure 4.1. The mixture was stirred in a sealed
flask for approximately 30min, cast into a Teflonr mold, covered with Parafilmr and left in
a fume cupboard for 24hours. The mold was transferred to an oven at 50◦C and the ionogel
sample was aged for a period of 4 weeks.
Figure 4.1: Schematic structure of the non-hydrolysed Ln3+-based ionogels
[B(TMSP)Im][Ln(TTA)4] with Ln = Tb, Eu, Yb or Nd.
Elemental analysis (EA) on CHNS was performed with a TruSpec 630-200-200 CNHS
Analyser at the Microanalysis Laboratory at the Department of Chemistry, University of
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Aveiro with an accuracy of 1 % for each element.
Analysis calculated for TbC42H34S4N2O11SiF12: C, 39.23; H, 2.67; N, 2,18; S, 9.97. Found:
C, 39.04; H, 3.02; N, 2.29; S, 9.38. Analysis calculated for EuC42H34S4N2O11SiF12: C, 39.44;
H, 2.69; N, 2.19; S, 10.03. Found: C, 39.04; H, 2.85; N, 2.34; S, 8.04. Analysis calculated for
YbC42H34S4N2O11SiF12: C, 38.80; H, 2.64; N, 2.16; S, 9.86. Found: C, 39.96; H, 3,05; N,
2.23; S, 8.31. Analysis calculated for NdC42H34S4N2O11SiF12: C, 39.68; H, 2.70; N, 2.20; S,
10.09. Found: C, 41.15; H, 3.44; N, 2.23; S, 8.20.
4.1.5 Synthesis of PMMA-based materials doped with the ionogels
[B(TMSP]Im][Ln(TTA)4], with Ln = Tb, Eu, Yb and Nd
The PMMA, Figure 4.2, matrix was produced mixing 10 g of methyl methacrylate (Acros
organic, 99 %, stabilized) with 0.06 g of benzoyl peroxide (Alfa Aesar, 97 %) in a glass vial.
The mixture was heated at 80-90◦C for 30min and then placed in an oven at 40◦C until
complete polymerization.
Figure 4.2: Schematic structure of the PMMA.
To produce the PMMA-based materials (BLn/PMMA/TMSPM-X, with X = miono-
gel/mPMMA), a THF solution of [B(TMSP]Im][Ln(TTA)4] was added to a PMMA solution
in dichloromethane. A volume of ethanol and water was added to the solution prepared in the
previous step (molar proportion 1 [B(TMSP]Im][Ln(TTA)4]:4 EtOH:1.5 H2O). The mixture
was stirred in a sealed flask for approximately 30min, cast into a glass mold, covered with
Parafilm and left in a fume cupboard in a dark place until the solution dry and the film was
formed. The PMMA-based materials samples doped with different concentrations of X =10
and 20 % (X = mionogel/mPMMA) of Ln
3+-based ionogel were produced. The samples are
designated as PMMA-Ln-X, where Ln=Tb, Eu, Nd and Yb and X= 10 and 20 %, as stated
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in Table 4.1.
Table 4.1: Designation of the PMMA doped with Ln3+-based ionogels.
Designation Ln3+ [Ionogel] (%)
PMMA-Tb-20 Tb3+ 20
PMMA-Eu-10
Eu3+
10
PMMA-Eu-20 20
PMMA-Yb-20 Y b3+ 20
PMMA-Nd-20 Nd3+ 20
These compounds have been selected from many others Ln3+-based complexes because of
its high luminescence and their solubility in dichloromethane which is also a good solvent for
PMMA. The PMMA is preferred because of its transparency, mechanically resistance, easy
handling and chemical stability [234].
4.2 Sol-Gel process
The organic-inorganic hybrid materials were prepared by the sol-gel process and thus,
this section summarises the main aspects of this method that are considered to be relevant
for this thesis. The sol-gel method presents some features that are advantageous for the
synthesis of organic-inorganic hybrids, such as the possibility of mixing organic and inorganic
components at the nanometric scale, in mild synthesis conditions, including accessible and
cheap precursors, the use of organic solvents, low processing temperatures and versatility of
the colloidal state processing [235, 236].
The most widely used class of precursors are the alkoxides, namely, the metal alkoxides,
M(OR)z, where M is a metal, O is oxygen, R is an alkyl group and z is the number of
alkoxy groups (OR) linked to the metal. The most studied example is silicon tetraethoxide
(or tetraethoxysilane, or tetraethyl orthosilicate, TEOS) [236, 237]. The precursors are used
to prepare the colloidal phase that is a suspension in which the dispersed phase is so small
(∼ 1-1000nm) that gravitational forces are negligible and interactions are dominated by
short-range forces, such as van der Waals attractions and surface charges. Metal alkoxides
are popular because they react rapidly in the presence of water. The reaction is called
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hydrolysis, since a hydroxyl group becomes attached to the metal atom [236]:
Si(OR)4 +H2O → HO−Si(OR)3 +ROH (4.1)
where ROH is an alcohol. Depending on the amount of water and catalyst present, hydrolysis
may be completed, in a way that all the OR groups are replaced by OH [236]:
Si(OR)4 + 4H2O → Si(OH)4 + 4ROH (4.2)
or it may stop while the metal is only partially hydrolysed. Two partially hydrolysed molecules
can link together in a condensation reaction:
(OR)3Si−OH +HO−Si(OR)3 → (OR)3Si−O−Si(OR)3 +H2O (4.3)
or
(OR)3Si−OR+HO−Si(OR)3 → (OR)3Si−O−Si(OR)3 +ROH (4.4)
By definition, condensation liberates a small molecule, such as water or an alcohol. This
type of reaction can continue to build larger silicon-containing structures by the process of
polymerization [236]. A gel contains a continuous solid skeleton enclosing a continuous liquid
phase. Ggelation can occur after a sol is cast into a mould, producing bulk materials in the
desired shape (monolith) [236] or films through, for instance, spin- and dip-coating.
The sol-gel process involves multiple variables, such as time, temperature, nature of cat-
alysts, reagents concentration, among others, that will condition the final features of the
produced materials. The versatility in the processing of these materials is directly linked to
the success of their development, together with the low cost and the availability of the precur-
sors and of the processing equipment. Since the rheology of the hybrid colloidal suspension
can be controlled and adjusted, there is a wide range of processing methodologies, such as:
film deposition methods, fibre extrusion, fibre pulling, electrospinning, electro- chemical de-
position, (soft) lithography based techniques, aerosol or spray, ink-jet printing, among others
[235, 238], which allows the easy processing of films and coatings of plastic optical fibres
(POFs) or hollow-core filling to fabricate the LSCs in this thesis.
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4.3 Synthesis of non-doped organic-inorganic hybrids: Di- and
Tri-Ureasils
The di-ureasil hybrid material is formed by polyether chains (with average molecular
weight of 600 g ·mol−1) covalently linked to a siliceous inorganic skeleton by urea bridges [239].
The non-hydrolysed precursor, d-UPTES(600), was prepared by the addition of isocyanate-
propyl-triethoxysilane (ICPTES, Sigma-Aldrich, 95 %) to a solution of Jeffamine ED-600r
(Sigma-Aldrich, 97 %) in dried tetrahydrofuran (THF, Sigma-Aldrich, 99.9 %) (the molar
ratio Jeffamine ED-600r to ICPTES was 1 : 2). This solution was kept under stirring at
room temperature for 24hours [239]. Then, the non-hydrolysed d-UPTES(600) was obtained
as a transparent liquid after evaporation of THF at room temperature under vacuum, Figure
4.3.
Figure 4.3: Schematic representation of the synthesis of the non-hydrolyzed precursor of
d-U(600). Adapted from [240].
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The t-UPTES(5000) was synthesised in an identical way to that of d-UPTES(600), except
for the Jeffaminer used, which presents a branched chain structure with the amino groups
located at the end of each branch, with a molecular mass of 5000 g ·mol−1 (Huntsman) [241],
Figure 4.4.
Figure 4.4: Schematic representation of the synthesis of the non-hydrolyzed precursor of
t-U(5000). Adapted from [241].
4.4 Doped organic-inorganic materials
4.4.1 Eu3+ doped organic-inorganic materials
The synthesis of the Eu(tta)3 · 2H2O (Figure 4.5A) complex is fully described elsewhere
[189, 242]. The chemicals europium chloride (EuCl3 · 6H2O, Sigma-Aldrich, 99 %) and 2-
thenoyltrifluoroacetone (Htta, Sigma-Aldrich) were used as received; 1mmol (0.3662 g) of
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EuCl3 · 6H2O was dissolved in 1.5mL of ethanol (EtOH, Fisher Scientific, 99.9 %), under
stirring. Then, 3mmol (0.6664 g) of Htta were added dropwise to the ethanolic solution of
EuCl3 ·6H2O. The pH of this solution was adjusted to 6-7 by adding an appropriate amount
of an ethanolic sodium hydroxide (NaOH, Merck, 98 %) solution. The resulting mixture was
stirred for 24hours at room temperature and then the solvent was slowly evaporated during
48hours. The yellow solid obtained was washed with water and hexane (Sigma-Aldrich,
> 95 %) and recrystallized in EtOH and dried at 45◦C during 48hours.
Figure 4.5: Scheme of the molecular structures of the (A) Eu(tta)3 · 2H2O complex, (B)
Rhodamine 6G, (C) Rhodamine 800 and (D) SiNc organic dyes.
The rationale behind the selection of the Eu(tta)3 · 2H2O complex lies on its high 5D0
emission quantum efficiency, of 0.74. [243], that must corresponds to one of the highest
q values of Eu3+-based complexes. Moreover, after incorporation on the hybrid host the
water molecules coordinated to the Eu3+ ions will be replaced by the oxygen atoms from
the carbonyl groups of the urea cross linkages contributing to suppress the Eu3+ emission
quenching.
The Eu3+ complex described above was incorporated into the non-hydrolysed precursors.
The t-UPTES(5000)-based hybrids were prepared using 60mg of Eu(tta)3 · 2H2O complex
dissolved in 2.250mL of EtOH with 0.30mL of phenyltrimethoxysilane (PTMS) and added
to 3.0 g of t-UPTES(5000) in the presence of 7.0× 10−2mL of HCl (37 %) 1M (in EtOH).
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4.4.2 Dye doped organic-inorganic materials
The Rh6G (Sigma-Aldrich, dye content 99 %), Rh800 (Sigma-Aldrich) and SiNc Sigma-
Aldrich, dye content 95 %) (Figure 4.5B, C and D, respectively) were incorporated into the
non-hydrolysed precursors. The organic dyes were used as received. The Rh6G organic dye
was selected due to its absorption and emission features, associated with a high q both in
ethanolic solution (reported q = 0.94 in ethanol [244]) and when incorporated into a hybrid
host (q = 0.70± 0.07). The Rh800 and SiNc organic dyes were chosen mostly due to its NIR
emitting spectral range.
The t-U(5000) based hybrids were prepared using 1.8mg of Rh6G dissolved in 2.250mL
of EtOH with 0.30mL of PTMS and added to 3.0 g of t-UPTES(5000) in the presence of
7.0 × 10−2mL of HCl 1M (in EtOH, from Sigma-Aldrich). For the Rh800-doped hybrid,
2.8mg of Rh800 were dissolved in 1.2mL of EtOH and added to the t-UPTES(5000) in the
presence of 8.6 × 10−2mL of HCl 1M . For the SiNc-doped hybrids, a volume of 1mL of
a 2.3mM SiNc solution in THF was added to 1.5 g of t-UPTES(5000) (molar ratio SiNc:t-
UPTES(5000) = 1 : 114) followed by the addition of 220µL of EtOH and 25µL of water. The
suspensions were kept at room temperature under magnetic stirring for 15 min. A volume of
20µL of a 0.2M HCl solution was then added to lower the pH from 9 to 2 to accelerate the
sol-gel transition. The remaining part of the suspension was deposited on glass substrates
(NORMAX, 7.6 × 2.6 × 0.1 cm3) by a one-step spin-coating process (SPIN 150-NPP, APT)
at 1000 rpm for 60 s, at ambient conditions. The resulting films were heat-treated at 45◦C
for 24hours for residual solvents removal.
The hybrid materials, processed as monoliths and films, will be hereafter termed as termed
in Table 4.2. It is noted that M and F stands for monoliths and films, respectively.
Table 4.2: Designation of the organic-inorganic hybrids doped with organic dyes.
Designation Hybrid Optically active centre
Eu-LSC
t-U(5000)
Eu(tta)3 · 2H2O
Rh6G-LSC Rhodamine 6G
Rh800-LSC Rhodamine 800
F-M/t-U(5000)/SiNc SiNc
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4.4.3 Chlorophyll doped organic-inorganic materials
Chlorophyll was obtained from Spirulina maxima via solvent extraction and purified
by column chromatography, Figure 7.2. An amount of 5 g of Spirulina maxima powder
(supplied by a local Brazilian pharmacy shop) were dispersed in 50mL of dichloromethane
(Synth PA-ACS) in a 250mL Erlenmeyer flask at room temperature.
Figure 4.6: Scheme of the molecular structures of chl-a and chl-b.
The suspension was kept under magnetic stirring for 20 min and thereupon, filtered
on standard filter paper (pleated fold). The liquid phase, containing chlorophyll-a (chl-a),
chlorophyll-b (chl-b), β-carotene and xanthophylls, was transfer to an amber flask and stored
in the refrigerator. The solid phase was re-suspended in 50mL of dichloromethane and un-
derwent the same extraction process 3 additional times. The extract solution (200mL) was
concentrated to a final volume of 5mL on a rotary evaporator under reduced pressure. Due
to the presence of light in the environment where the extraction and purification processes are
carried out, all the flasks containing the extract must be lightproof to avoid photo-degradation
of chl-a. The extract purification was performed on a silica gel (200-400 mesh, 2 cm in diam-
eter and 15 cm high) chromatographic column, packed with toluene. To prevent oxidation of
the chlorophyll molecules, the column was wrapped with a black plastic film and the eluates
were collected in amber flasks. The first elution was performed with the same column packing
solvent (150mL of toluene) to remove carotenes and xanthophyll, which are detected by the
presence of yellow and orange colours. The elution of the dark blue/green solution, rich in
chl-a, was performed with dichloromethane. Dark green chl-a crystals (ChE) were obtained
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from the dichloromethane solution, by removing the solvent in a rotatory evaporator (over the
course of the process, the solution was kept in a lightproof flask). The ChE were transferred to
lightproof Petri dishes and stored within a vacuum desiccator at 15◦C to avoid auto-oxidation
processes.
The ChE were dissolved in ethanol (P.A. ACS reagent 96 %) under magnetic stirring for
15 min at room temperature. The d-UPTES(600) (or t-UPTES(5000)) precursor suspension
was added to this solution and kept under magnetic stirring for 30 min at room temperature.
Distinct concentrations of ChE were calculated since that ChE presents a 95 % purity (pre-
dominantly chl-a) and a molar mass of 893.51 g ·mol−1 (Table 4.3). The volume of ethanol
used to dissolve each mass was 2mL and the mass of the viscous suspension of each ure-
asil precursor was 3 g. The molecular density of ChE in the final materials, Table 4.3, was
calculated based on the premise that all the solvent (added or produced over the sol-gel con-
densation) evaporated after the processing, and that the density of the resulting hybrids is
1.0 g · cm−3.
Table 4.3: List, designation and chlorophyll concentration ([chl]) of the organic-inorganic
hybrids.
Designation Hybrid host [chl] (molecules · cm−3)
dU6/tU5-chl-1
d-U(600)/t-U(5000)
3× 1016
dU6/tU5-chl-2 3× 1017
dU6/tU5-chl-3 3× 1018
dU6/tU5-chl-4 3× 1019
tU5-chl-5 t-U(5000) 6× 1019
In order to obtain monoliths and thin films based on organic-inorganic hybrids doped
with chlorophyll, part of the as-prepared ChE-containing suspensions was submitted to sol-
gel transition, by adding an ethanolic solution of HCl (1.2M) as a catalyst [400µL for d-
UPTES(600) and 200µL for t-UPTES(5000)]. Part of the volumes were cast onto polystyrene
molds (1.0 × 1.0 × 4.0 cm3), covered with Parafilmr, and kept at 40◦ for 3 days, yielding
greenish-transparent monoliths. The remaining volumes of the suspensions were deposited on
glass substrates (NORMAX, 7.6 × 2.6 × 0.1 cm3) by a one-step spin-coating process (SPIN
150-NPP, APT) at 1000 rpm for 60 s, under ambient conditions. The resulting films were
heat-treated at 45◦ for 24hours to remove the residual solvents.
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4.5 R-PE based solutions
The red macroalgae Gracilaria sp. was grown in a land-based integrated aquaculture
system at ALGAplus Lda, a company specialized in the production of marine macroal-
gae, located in I´lhavo, Portugal. The ammonium sulfate (99.5 %) used in phycobiliproteins
precipitation was purchased at Merck. A commercial standard of R-phycoerythrin (≥ 10.0mg·
mL−1) was purchased at Sigma- Aldrich.
The solid-liquid extraction procedure used here was adapted from the methodology already
proposed by Martins et al. [245]. After the harvesting of the macroalgae, the samples were
cleaned and washed with fresh and distilled water at least 3 times to eliminate small particles
and residues. The marine biomass was then stored at −20◦C. The red macroalgae samples
were frozen in liquid nitrogen and ground to increase the contact surface, thus enhancing the
extraction. Then, the biomass was homogenized in distilled water at a solid-liquid ratio of
0.5. The extraction was performed with water at 250 rpm in an incubator (IKA KS 4000 ic
control) protected from light exposure, during 20 min at room temperature. At the end of
this step, a red/pinkish solution was obtained, filtered and centrifuged in a Thermo Scientific
Heraeus Megafuge 16 R centrifuge at 5000 rpm for 30 min at 4 ◦C. The resultant pellet was
discarded while the phycobiliprotein-based red/pinkish supernatant was collected. The crude
extract was pre-purified using ammonium sulphate at 30 %. The salt was dissolved and the
solution was left at 4 ◦C during 4 hours, being then centrifuged at 5000 rpm for 30 min at
4 ◦C. After the precipitation of the target proteins, the pellet was resuspended in distilled
water at several concentrations, Table 4.4.
Table 4.4: Designation and R-PE concentration ([R-PE], M) of the aqueous solutions.
Solution [R-PE] (×10−7)
RPE-1 0.4
RPE-2 1.7
RPE-3 2.1
RPE-4 2.5
RPE-5 3.3
RPE-6 4.2
RPE-7 5.8
RPE-8 7.5
RPE-9 17
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The phycobiliprotein concentration of each extract was calculated using a UV-Vis mi-
croplate reader (Synergy HT micro-plate reader - BioTek) at 565nm and a calibration curve
previously established for the commercial standard R-phycoerytrin.
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Chapter 5
Transparent luminescent
down-shifting layers and planar
luminescent solar concentrators
5.1 Introduction
In the first section of this chapter, we report Ln3+-based ionogels as the luminescent
material incorporated in PMMA. Ionogels are hybrid materials consisting of an ionic liquid
confined inside the nano-sized pores of a silica matrix. The mechanical properties of the
ionogels are very similar to those of regular sol-gel materials. Other interesting properties are
high thermal stability, wide electrochemical window, high ionic conductivity and high quan-
tum efficiency [246]. These materials were doped with Ln3+-based complexes due to their
attractive luminescent features as narrow emission bands, long emission lifetimes, wide emis-
sion range (tuneable from the UV to NIR). Although they offer poor mechanical properties
and low thermal stability, the luminescent ionogels were incorporated into PMMA because it
is a low-cost host, is environmentally friendly, and has high optical transparency. The ability
to easily shape the ionogels provides an attractive versatility to prepare coatings, in particu-
lar, to be deposited on top of PV devices as LDS layers or in glass substrates as is the case
of LSCs. Here, LDS layers and LSCs based on lanthanide-doped ionogels on PMMA with
spectral absorption overlapping the AM1.5G spectrum and complementing that of PV cells,
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emission in the visible-NIR spectral range and absolute emission quantum yield in the visible
and in the NIR were fabricated. Ln3+-based optical centres ensure large Stokes-shift enabling
the production of transparent materials with negligible self-absorption allowing efficient solar
radiation harvesting and conversion.
In the second section of this chapter, we quantify the performance of a NIR-emitting LSC
using the silicon 2,3-naphthalocyanine bis-(trihexylsilyloxide) dye (SiNc or NIR775, Figure
4.5) entrapped in a tri-ureasil organic-inorganic hybrid host [136, 159, 189, 241, 247], t-
U(5000), Figure 4.4. The SiNc dye molecule was first synthesized in 1984 and is characterized
by a broad absorption range from the UV to the NIR [248], and an emission spectrum in the
red/NIR spectral regions (700 − 950nm), which are desirable properties for PV conversion
using c-Si PV cells [249–251]. Moreover, SiNc is thermally, chemically, and optically stable
[252]. Previous studies showed that the use of SiNc as an additive in organic PV cells is advan-
tageous in terms of enhancing the NIR emission, yielding an increase in the power conversion
efficiency [251, 253]. To prevent the tendency of naphthalocyanines to aggregate due to their
planar structure that enables pi − pi stacking [254–258] and the consequent self-quenching of
the emission (known as aggregation-caused quenching), SiNc must be encapsulated into a
given medium that can trap and stabilize the dyes without aggregation, enhancing its pho-
tostability. Previously, SiNc was encapsulated into polymer dots and dendrimers [255] for
cellular and in vivo imaging, where strong NIR emission is beneficial [259, 260]. Organic-
inorganic hybrid hosts offer some advantages when compared to polymeric ones due to the
presence of the inorganic skeleton that confers enhanced mechanical and thermal resistance
and easy refractive index control. Moreover, organic-inorganic hybrids prevent the forma-
tion of non luminescent clusters or aggregates, with additional advantages of increasing the
absolute emission quantum yield of some active centres and their photostability [89]. The
incorporation of the dye into t-U(5000) and the ability of this novel SiNc-based tri-ureasil as
a NIR-emitting layer for LSC applications demonstrated in this thesis pave the way for a new
generation of NIR-emitting LSCs based on organic-inorganic hybrid materials.
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5.2 Ln3+ based luminescent down-shifting layers and lumines-
cent solar concentrators
This section aims to address the issue of the mismatch between the AM1.5G spectrum
and the PV cells absorption curve, by using LDS layers and LSCs based on PMMA doped
with Ln3+- based ionogels with spectral absorption overlapping the AM1.5G spectrum and
complementing that of PV cells and emission ranging from visible to NIR (c-Si PV cells
maximum absorption). The use of LDS layers on PV cells may enhance their performance by
acting in two aspects: (i) reducing the surface reflectance and (ii) increasing the EQE in the
absorption range of the LDS layer. By coating a commercial c-Si PV cell with an Eu3+-based
layer, an absolute EQE increase of 25 % was achieved in the UV spectral region, which is
among the top values reported so far. Concerning LSCs, Eu3+- and Tb3+-based optically
active layers showed great potential for efficient and environmentally resistant LSCs, as ηopt
values of 0.23 ± 0.01 % and 0.27 ± 0.01 %, were found, respectively. In what concerns NIR-
emitting PMMA doped materials, the performance of the LDS layers and LSCs did not
increase due to the low absolute emission quantum yield of these materials.
5.2.1 Optical characterization of the optically active layers
Figure 5.1A shows the room-temperature emission spectra of the PMMA-Ln-X samples,
Table 4.1, excited at the wavelength that maximizes the emission intensity. The region
marked with the asterisk is a superimposition between the Eu3+ 5D0 →7F0−1 and the Tb3+
5D4 →7F4 transitions. The region marked with the cross is a superimposition between the
Eu3+ 5D0 →7F2 and the Tb3+ 5D4 →7F3 transitions. The emission spectra of the PMMA-
Tb-20, PMMA-Eu-10/20, PMMA-Yb-20 and PMMA-Nd-20 are dominated by the lines as-
cribed to the Tb3+ 5D4 →7F6−3, Eu3+ 5D0 →7F0−4, Y b3+ 2F5/2 →2F7/2 and to the Nd3+
4F3/2 →4I11/2 transitions, respectively. Independently of the selected excitation wavelength
(270-380nm), no sign of the PMMA intrinsic emission could be observed, which readily sug-
gests efficient PMMA-to-ligand or PMMA-to-Ln3+ energy transfer [261].
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Figure 5.1: (A) Emission spectra excited at 360nm for PMMA-Tb-20 (green squares) and
380nm for PMMA-Eu-10 (red dots), PMMA-Eu-20 (light blue dashes), PMMA-Yb-20 (brown
circles) and PMMA-Nd-20 (black line). The orange line is the normalized response curve of
c-Si photovoltaic devices. (B) Excitation spectra for PMMA-Tb-20 monitored at 545nm,
PMMA-Eu-10 and PMMA-Eu-20 monitored at 612nm, PMMA-Yb-20 monitored at 978nm
and for PMMA-Nd-20 monitored at 1062nm. The transition around 530nm 4I9/2 →4G7/2,
4G9/2 and the transition around 580nm
4I9/2 →4G5/2, 2G7/2 are Nd3+ related transitions
[262]. (C) Absorption spectra for PMMA-Tb-20, PMMA-Eu-10, PMMA-Eu-20, PMMA-Yb-
20 and PMMA-Nd-20 (the colour code is the same as in (A)). and AM1.5G photon flux.
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The excitation spectra were monitored around the maximum intensity peak positions,
Figure 5.1B. In the case of the PMMA-Eu-10 and PMMA-Eu-20 the spectra show three main
components peaking at 275, 320 and 380. The absence of relatively low intensity of the intra-
4f6 lines indicates that the Eu3+ excited states are mainly populated via ligand-sensitization
rather than by direct excitation. The low wavelength components resemble those already
observed for isolated Eu(TTA)3(H2O)2 [263] and for organic-inorganic hybrids incorporating
Eu(TTA)3(H2O)2 and Eu(TTA)3(phen) (phen=1,10-phenantroline), being ascribed to the
pi-pi∗ electronic transition of the organic ligands [264]. In the case of Tb3+-, Y b3+- and Nd3+-
based materials, the excited states are, as well, mainly populated via ligand-sensitization as
almost no intensity of the 4fn-lines was measured. Apart from changes in the relative inten-
sity, the UV-visible absorption spectrum reveals the same components detected in excitation
spectra, Figure 5.1B and Figure 5.1C.
The shape of the absolute absorption spectra, Figure 5.1C, is identical for all samples with
a minor low wavelength shift for the PMMA-Yb-20 sample and the appearance of the Nd3+
related 4I9/2 →4G5/2, 4G7/2 transition, in the PMMA-Nd-20.
The emission decay curves were monitored under UV excitation (380nm) revealing a
single exponential behaviour, Figure 5.2. From the best data fit, the lifetime values were
estimated, Table 5.1. We note that the lower value found for the higher concentrated Eu3+-
based sample (PMMA-Eu-20) compared with that of the PMMA-Eu-10 suggests that the
concentration increase leads to an increase in the 5D0 non-radiative transition probability.
Table 5.1: Emission lifetime (τ , ×10−3 s) values of the PMMA-Ln-X excited at 380nm and
monitored at distinct wavelengths (λe).
Sample λe (nm) τ
PMMA-Tb-20 544 0.061± 0.001
PMMA-Eu-10 612 0.641± 0.004
PMMA-Eu-20 612 0.494± 0.003
PMMA-Yb-20 978 0.017± 0.001
PMMA-Nd-20 1062 0.009± 0.001
The emission properties of the PMMA-Ln-X samples were further quantified through the
measurement of the absolute emission quantum yield (q, Table 5.2), as function of the ex-
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Figure 5.2: Room temperature emission decay curves for (A) PMMA-Eu-10, (B) PMMA-
Eu-20, (C) PMMA-Tb-20, (D) PMMA-Yb-20 and (E) PMMA-Nd-20 excited at 380nm and
monitored at 612, 544, 1062 and 978nm, respectively. The solid lines represent the best fit
to the data (r2 > 0.99) using a single exponential function. The respective residual plots are
shown on the right-hand side.
citation wavelength (270-385nm and 808nm for the PMMA-Nd-20). The absolute emission
quantum yield is higher for different excitation wavelengths in the UV spectral region de-
pending on the material, Table 5.2, and for the PMMA-Nd-20 the highest absolute emission
quantum yield value was measured exciting at 808nm. However, these values are lower than
those previously reported for PMMA doped with Tb3+-, Eu3+- and Nd3+ based complexes
[61, 265].
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Table 5.2: Integral overlap (O, ×1019 photons·s−1 · m−2), absolute emission quantum yield
(q), molar extinction coefficient (ε, ×104M−1 · cm−1) and brightness (B, M−1 · cm−1) of the
fabricated samples.
Sample O ε∗ q∗ B∗
PMMA-Tb-20 8.98 2.17 0.02 0.44× 103
PMMA-Eu-10 9.87 2.05 0.49 10.10× 103
PMMA-Eu-20 8.74 1.14 0.36 4.11× 103
PMMA-Yb-20 7.63 2.65 < 0.001 1.98× 101
PMMA-Nd-20 8.57 1.98 0.0008 2.65× 101
*ε, q and B values refers to 357nm for PMMA-Tb-20, 368nm for PMMA-Eu-10, 315nm for
PMMA-Eu-20, 335nm for PMMA-Yb-20 and 808nm for PMMA-Nd-20.
Featuring PV related applications and in order to maximize the performance of LDS layers
and LSCs, it is relevant to quantify the light harvesting ability [119]. In particular, the overlap
integral between the materials absorbance and the sunlight available for PV conversion. The
overlap integral is given by Eq. 2.12 [156]. A maximum value of 9.9× 1019 photons·s−1 ·m−2
was calculated indicating a potential to absorb 2.2 % of the solar photon flux on the surface
of the Earth (4.3 × 1021 photons·s−1 · m−2) [5]. Using the Beer-Lambert law, the molar
extinction coefficient (ε, M−1 · cm−1) was calculated. Light emission efficiency and light
harvesting ability can be related by the molar brightness (B), given by B = q × ε [266],
allowing both properties to be compared across distinct samples. Taking into account the
optical properties, namely the B value, PMMA-Eu-10 was chosen for testing on PV devices.
5.2.2 Luminescent down-shifting layers
Here, LDS layers of PMMA-Tb-20, PMMA-Eu-10, PMMA-Yb-20 and PMMA-Nd-20,
with a thickness value of 1.6 ± 0.1µm, were deposited on top of commercial c-Si PV cells.
One example of the PMMA-Eu-20 LDS layer deposited on top of c-Si PV cells is shown in
Figure 5.3.
LDS layers will affect the reflectance and absorption ability of the PV devices. As evi-
denced in Figure 5.4, the Haze factor, Eq. 2.5, increases for all the LDS layers.
The Haze factor depends on both total and diffuse reflectance, Figure 5.4. Larger Haze
values correspond to increased scattering and hence an increased optical path length, which
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Figure 5.3: Photographs of the (A) bare c-Si PV cell under AM1.5G and (B) UV radiation at
365nm and of the PMMA-Eu-10 LDS layer deposited on a c-Si PV cell under (C) AM1.5G
and (D) UV radiation at 365nm.
is of critical importance to improve radiation absorption [203, 204].
The active role of the mentioned LDS layers in enhancing PV device performance was
inferred from the EQE calculated through Eq. 2.22, on the PV device with and without
the presence of the LDS layers. For all the measurements, each bare PV cell was fully
characterized before and after the deposition of the layer. This permits more consistency
between the characterization protocols used for LDS layers because sometimes the increase
caused by the LDS layers is in the same order of magnitude or lower than the differences
between the response of each commercial PV cell. Although an increase of the Haze factor was
verified for all the LDS layers, an enhancement of the PV cell performance was only measured
for the PMMA-Eu-10 LDS layers, Figure 5.5 and 5.6. This result can be rationalized based on
the low absolute emission quantum yield of the LDS layers materials. Since the PMMA-Eu-10
was the only LDS layer where a positive increase in the current and thus in the EQE was
verified, only the results relative to such LDS layer will be discussed in this thesis, Figure 5.5.
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Figure 5.4: Total (solid lines) and diffuse (dashed lines) reflectance of the bare PV cells (black
line) and of the PV cells with (A) PMMA-Tb-20, (C) PMMA-Eu-10, (E) PMMA-Yb-20 and
(G) PMMA-Nd-20 LDS layers. Haze factor of (B) PMMA-Tb-20, (D) PMMA-Eu-10, (F)
PMMA-Yb-20 and (H) PMMA-Nd-20 LDS layers.
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Figure 5.5: ISC and EQE curves of the bare PV cell and of the PV cell with (A, B) PMMA-
Tb-20, (C, D) PMMA-Eu-10, (E, F) PMMA-Yb-20 and (G, H) PMMA-Nd-20, respectively.
LDS layers with thickness of 1.6 ± 0.1µm. The insets show the coated PV cells under UV
radiation at 365nm.
As shown in Figure 5.5 for the PMMA-Eu-10, an increase in the EQE is noticeable in
the UV/blue region between 300 and 360nm, which is the spectral range where Si PV cells
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have lower performance and, also, corresponds to the absorption region of the LDS layer in
use. Between 300 and 360nm, an absolute increase of 25 %, equivalent to a gain of 6 can be
observed (for 320nm incident radiation). Moreover, although a small decrease in the EQE of
the PV cell is noticed between 360 and 420nm, the overall EQE performance of the device
is enhanced by ∼ 3.7 % in the presence of the PMMA-Eu-10 LDS layer. Furthermore, from
the ISC-wavelength curves in the 300-360nm spectral region, Figure 5.5, it is possible to
calculate an average increase of 3.4 times of the ISC . Such results will be rationalized based
on Monte-Carlo ray-tracing simulations presented below.
The V-I curves of the PV cell with and without the LDS layers were also measured. A
relative increase of 9.7 % in the ISC generated by the cell with the layer when illuminated with
AM1.5G is clearly seen for the PMMA-Eu-10 LDS layer, Figure 5.6B, and no enhancement
of the short-circuit current was measured for the Tb3+-, Y b3+- and Nd3+-based LDS layers.
Figure 5.6: V-I curves of the bare PV cells and of the PV cells with the (A) PMMA-Tb-20,
(B) PMMA-Eu-10, (C) PMMA-Yb-20 and (D) PMMA-Nd-20 LDS.
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The absolute EQE increase results are among the highest values reported for PV cells
coated with LDS layers in the UV spectral region, being of the same order of magnitude than
that of the highest values reported for Ln3+-based LDS layers [61, 80] mentioned in Table 5.3,
except for the case of a LDS layer based on Eu(TTA)3 · 2H2O complex with 4,5-bis(pinene)-
2,2-bipyridine ligand dispersed in polyvinyl acetate (PVA), which presented an absolute EQE
increase of ∼ 50 % [267].
Table 5.3: Reported absolute EQE increase in the UV spectral region for Ln3+-based LDS
layers.
Optically active layer PV devie EQE increase Ref.
PMMA-Eu-10
c-Si
25 % This work
[Eu(TTA)3(tppo)2]/EVA 19 %
[61]
[Eu(TTA)3(phen)]/EVA 17 %
[EuL3]/EVA 15 %
[TbL3]/EVA 15 %
[Eu(TTA)3bpbpy]/PVA 50 % [267]
[Eu(tfc)3:EABP] 1:1/EVA 5 % [268]
[Eu(tfc)3/Eu(dbm)3phen]/PVA 5 % [269]
Ba2SiO4:Eu
2+ 3 % [270]
SiO2/Ba2SiO4:Eu
2+ 3 % [75]
LaVO4/Dy
3+
DSSC
2 % [271]
EuD4TEA 25 % [80]
EVA=ethylene-vinyl acetate; tppo=triphenylphosfine oxide; phen=1,10-phenanthroline;
L3=triazole-pyridine-bistetrazolate; bpbpy=4,5-bis(pinene)-2,2’-bipyridine;
Eu(tfc)3=tris[3-(trifluoromethylhydroxymethilene)-d-camphorate]europium(III);
EABP=4,40-bis(diethylamino)benzophenone; dbm=dibenzoylmethane;
EuD4TEA=europium tetrakis dibenzoylmethide triethylammonium.
5.2.3 Luminescent solar concentrators
The Ln3+-based ionogels incorporated in PMMA were also used to fabricate LSCs. In
this case, a layer of each one of the materials was deposited on top of a glass substrate,
Figure 5.7. From these photographs it is possible to see the emission of the PMMA-Tb-20
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and PMMA-Eu-10/20 being guided to the edges of the glass substrates. The thickness of the
active material of each LSC was measured by spectroscopic ellipsometry, Figure 5.8, and from
this data it was possible to determine an average value of 10.8±0.5µm, Table 5.4. Also, from
the ellipsometric parameters the dispersion curves of the PMMA and the PMMA doped with
the Ln3+-based ionogels were determined, Figure 5.9.
Table 5.4: Thickness of the active layer of the LSCs deposited on glass determined by spec-
troscopic ellipsometry.
Sample Thickness (µm)
PMMA-Tb-20 10.70± 0.05
PMMA-Eu-10 10.14± 0.02
PMMA-Yb-20 11.27± 0.04
PMMA-Nd-20 10.9± 0.1
In Figure 5.7 it is possible to see the emission concentrated at the edges of the LSCs and
in Figure 5.10 the emission spectra measured at the edges of the LSCs.
Figure 5.7: Photos of the produced LSCs based on (A) PMMA-Tb-20 under UV radiation at
365nm, (B) PMMA-Tb-20 under AM1.5G, (C) PMMA-Eu-10 under UV radiation at 365nm,
(D) PMMA-Eu-10 under AM1.5G, (E) PMMA-Eu-20 under UV radiation at 365nm, (F)
PMMA-Eu-20 under AM1.5G, (G) PMMA-Yb-20 and (H) PMMA-Nd-20 under UV radiation
at 365 nm (scale bar, 2 cm).
The LSC based on PMMA-Eu-20 was not uniform presenting whitish parts and the layer
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Figure 5.8: Ellipsometric parameters Is (open circles) and Ic (open triangles) measured for
(A) PMMA, (B) PMMA-Tb-20, (C) PMMA-Eu-10, (D) PMMA-Eu-20, (E) PMMA-Yb-20
and (F) PMMA-Nd-20. The solid lines represent the data best fit.
Figure 5.9: Dispersion curves for measured for PMMA, PMMA-Tb-20, PMMA-Eu-10,
PMMA-Eu-20, PMMA-Yb-20 and PMMA-Nd-20.
started peeling off the glass. Also, the PMMA-Yb-20 and PMMA-Nd-20 did not show any
light guidance and, thus, PMMA-Tb-20 and PMMA-Eu-10 LSCs are the ones studied below.
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Those LSCs are presented in Figure 5.7, where it is clear the radiation emission and guidance
to the edges under AM1.5G and UV radiation, Figure 5.10. It is observable that there are
more Eu3+-related emission reaching the edges of the LSCs when compared with the Tb3+-
one and more white light reaches the edges of the LSCs in the later case. The performance of
the LSCs was quantified by the estimation of ηopt ±∆ηopt through Eq. 2.14, yielding values
of ηopt = 0.27 ± 0.01 % and 0.23 ± 0.01 % (0.28 ± 0.01 % and 0.32 ± 0.01 % using Eq.2.19)
for the LSCs based on PMMA-Tb-20 and PMMA-Eu-10, respectively. Also, the effective
contribution of the LSCs on generating electric current was evaluated by calculating the PCE
values, through Eq. 2.21, yielding values of (7.8± 0.01)× 10−4 % and (9.6± 0.01)× 10−4 %,
for PMMA-Tb-20 and PMMA-Eu-10 LSCs, respectively.
Figure 5.10: Emission of the LSCs collected at the edges of the LSCs based on (A) PMMA-
Tb-20, (B) PMMA-Eu-10, (C) PMMA-Eu-20, (D) PMMA-Yb-20 and (E) PMMA-Nd-20.
Although the ηopt values here reported are lower than the best ones reported for planar UV-
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downshifting Ln3+-based LSCs [211, 272, 273], Table 5.5, these results praise the potential
of these novel materials to be used as photovoltaic windows for urban integration of light
harvesting devices.
Table 5.5: Reported ηopt (%) and PCE (%) values for Ln
3+-based planar LSCs.
Optically active layer ηopt (%) PCE (%) Ref.
PMMA-Tb-20
0.27a
7.8× 10−4
This work
0.28b
PMMA-Eu-10
0.23a
9.6× 10−4
0.32b
PMMA-Eu-20
0.25a
10.6× 10−4
0.34b
Eu(TTA)3·2H2O/F5 12.3a - [177]
Eu(TTA)3phen/parylene 2.47
b 0.19 [211]
Eu(TTA)3phen/PVB - 0.04
[273]
Eu(TTA)3dpbt/PVB - 0.05
Eu(TTA)3(TTPO)2/PMMA - 0.28 [272]
a ηopt values calculated using Eq. 2.14;
b ηopt values calculated using Eq. 2.19;
phen=1,10-phenanthroline;
dpbt=2-(N,N-diethylanilin-4-yl)-4,6-bis(3,5-dimethylpyr-azol-1-yl)-1,3,5-triazine);
PVB=Polyvinyl-butyral; TTPO=triphenyl phosphine oxide.
5.2.4 Modelling
Simulations of the performance of the LDS layers and LSCs were carried out using a Monte
Carlo ray-tracing approach, in which the photon propagation follows geometrical optical laws
[232]. The thickness of the active layers (10−6 to 10−5m) is much larger than that of the light
coherent length (10−7m), thus, interference effects were neglected. The stochastic nature of
the model is reflected in the fact that the propagated rays cannot split when reaching an
interface but rather either transmitted or reflected, as predicted by Fresnel laws. We also
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note that incident light polarization is not taken into account. By modelling the path of each
propagated ray, it is possible to know whether the photons are trapped inside the luminescent
layer, absorbed by the luminescent species, lost due to escape cone or absorption and if they
were collected by the PV device.
The inputs of the Monte Carlo ray-tracing simulation consist of the solar spectrum
AM1.5G (280-1600nm, photons with angle of incidence between −45◦ and 45◦), the ab-
sorption and emission spectra, the absolute emission quantum yield and dispersion curve of
the PMMA-Ln-X samples, Figure 5.8 and 5.9.
This model does not include individual molecules or optically active centres but applies
statistical averaging of the absorption. First the absorption probability is calculated (pabs =
1 − 10−αd, where α is the attenuation coefficient in units cm−1 and d is the photon desired
step size, step=−log10(ξ)/α, where ξ is a random number between 0 and 1 in each iteration,
1µm for the Tb3+- and Nd3+-based samples and 2µm for the Eu3+- and Y b3+-based ones)
as function of the wavelength and compared with a random generated number between 0
and 1 for each launched photon. If pabs proves to be higher than the random number the
photon is absorbed otherwise, the photon continues to propagate accordingly to its direction
vector. Once a photon is absorbed, the subsequent fate of the excitation (that is, emission or
non-radiative relaxation) is again determined by the Monte Carlo sampling according to the
absolute emission quantum yield. The direction of the emission is randomly distributed and
the emission wavelength is sampled randomly from the normalized emission spectrum. The
ultimate fate of each photon is either loss due to non-radiative recombination or escape the
luminescent layer from one of the interfaces. When a photon hits the PV interface, it counts
as a PV absorption and the wavelength of the photon and its position on the PV interface is
recorded.
The performance of the LDS layers was simulated placing the PV cell under the layer.
With that, we are able to estimate the current density generated by the PV cell (exposed
area 1.0 × 2.0 cm2) with and without the LDS layer. The simulation of the performance of
the PV cell with the PMMA-Eu-20 LDS layer were carried out considering incident radiation
between 300-360 nm in 10nm interval. The results of the simulation show us an increase in
the generated current of the PV cell with layer when compared with the bare PV cell, Figure
5.11. From the simulation, we were able to estimate an average increase of ∼ 4.3 of the ISC .
101
Transparent luminescent down-shifting layers and planar luminescent solar
concentrators
These results corroborate the experimental data described above for the increase in the ISC
and for the EQE in the 300-360nm spectral region.
Figure 5.11: Monte Carlo ray-tracing short-circuit current as function of the wavelength
comparing the performance of a bare PV cell and a PV cell with a PMMA-Eu-10 LDS layer.
The performance of the LSCs was simulated placing the PV cell on one of the edges of the
LSC that is composed of a glass substrate with an active layer deposited on top of it. The ηopt
for simulation purposes is defined by the energy emitted (per unit of time) from the edge of the
LSC divided by the solar energy falling on the LSC (per unit of time), as stated in Eq. 2.14.
The simulations were performed for the LSCs with dimensions of 7.50× 2.00× 10−3 cm3 and
as function of the optically active layer properties. The ηopt values were predicted considering
all the photons reaching the edge (ηopt, %) and considering only the fraction of converted
photons (η′opt, %), Table 5.6. The ηopt and η′opt values corroborate the experimental values
when taking into account for the direct radiation that reaches the PV device through the LSC.
These values explain why it is possible to measure the ηopt values for the PMMA-Nd/Yb-20
samples having such low absolute emission quantum yield values. In this cases, the ηopt refers
to direct radiation that is guided by the LSCs. The main difference in the η′opt is mainly
due to the difference in the absolute emission quantum yield between samples. Nevertheless,
the simulated value (0.28 ± 0.01 % for PMMA-Eu-10) is very close to the experimental one,
stating that this model fits well to our experimental conditions.
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Table 5.6: Reported ηopt (%) and η
′
opt (%) values for Ln
3+-based planar LSCs.
Sample ηopt η
′
opt
PMMA-Tb-20 0.16 0.02
PMMA-Eu-10 0.28 0.15
PMMA-Eu-20 0.23 0.15
PMMA-Yb-20 0.13 6.36× 10−5
PMMA-Nd-20 0.14 4.07× 10−4
5.3 SiNC based LSCs
Herein, NIR-emitting LSCs are reported using silicon 2,3-naphthalocyanine
bis(trihexylsilyloxide) (SiNc or NIR775) immobilized in an organic-inorganic tri-ureasil ma-
trix, t-U(5000). The photophysical properties of the SiNc dye incorporated into the tri-ureasil
host closely resembled those of SiNc in tetrahydrofuran solution (an absolute emission quan-
tum yield of ∼ 0.17 and a fluorescence lifetime of ∼ 3.6ns). The LSC coupled to a Si-based
PV device revealed an ηopt of ∼ 1.50 ± 0.01 %, which is among the largest values known
in the literature for NIR-emitting LSCs. The LSCs were posteriorly coupled to a Si-based
commercial PV cell, and the synergy between the t-U(5000) and SiNc molecules enabled an
effective increase in the external quantum efficiency of PV cells, exceeding 20 % in the SiNc
absorption region. This work was developed in close collaboration with Raquel Ronda˜o PhD,
former member of the Phantom-G group.
5.3.1 Structural and optical characterization of the optically active layer
X-ray diffraction (XRD), 29Si magic-angle spinning (MAS), and 13C cross polarization
(CP) MAS NMR were used to characterize M/t-U(5000)/SiNc. The XRD pattern (Figure
5.12) of the SiNc doped hybrid is analogous to that of the isolated hybrids t-U(5000). For a
better comparison with the non-doped M/t-U(5000), the previously published XRD pattern
[241] was also depicted. The resemblance between both patterns is clear: (i) A peak appearing
at lower angles (∼ 2-3◦), due to interparticle scattering interference [240, 241, 247, 274]; (ii)
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a broad band centered at ∼ 20◦, which denotes the presence of amorphous siliceous domains;
and iii) a shoulder at ∼ 11◦, attributed to intrasiloxane domains in-plane ordering [240,
241, 247, 274]. In fact, Oku et al. [250] reported the XRD pattern of a thin film made of
a bulk heterojunction structure of PCBN:P3HT:SiNc (6,6-phenyl C61-butyric acid methyl
ester: poly(3-hexylthiophene):SiNc), and associated peaks at ∼ 6◦ (more intense), 8◦, 12◦
and 22◦ to SiNc.
Figure 5.12: XRD patterns of (A) M/t-U(5000)/SiNc and (B) M/t-U(5000).
The 29Si MAS NMR spectrum, Figure 5.13A, of M/t-U(5000)/SiNc displays three charac-
teristic peaks at −57.6, −60.5 and −65.4 ppm, assigned to CH2Si(OSi)(OR)2 (T1),
CH2Si(OSi)2(OR) (T
2) and CH2Si(OSi)3 (T
3) silicon environments of the t-U(5000) host
network, respectively [241, 247, 274]. According to the literature [275, 276], a peak around
−6 ppm should appear related to a M-type site present in the R group of SiNc, i.e., to
Si(OSi)(CH2(CH2)4CH3)3 silicon environments, Figure 4.5D. However, due to the low amount
of dye in M/t-U(5000)/SiNc, this signal could not be distinguished in the 29Si NMR spectrum.
The signals between ∼ −90 and −130 ppm are assigned to (≡SiO)2Si(OH)2 (Q2, geminal
silanols), (≡SiO)3SiOH (Q3, single silanol) and (SiO)4Si (Q4, siloxane) local environments
[277] indicating the pre-hydrolysis of the t-UPTES(5000) precursor.
The 13C MAS NMR spectrum, Figure 5.13C, of M/t-U(5000)/SiNc is dominated by a pair
of peaks located at 75.3 and 73.5 ppm, related to the methine and methylene groups of the
poly(oxypropylene) chains, respectively [241, 247, 274, 278]. The intense peak at 17.8 ppm is
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due to the methyl groups of the oxypropylene repeat units [241, 247, 274].
Figure 5.13: (A) 29Si MAS NMR spectrum of M/t-U(5000)/SiNc. The deconvolution using
a sum of Gaussian functions (shadowed areas) ascribed to T1, T2, T3 and Q silicon environ-
ments, and the overall fit R2 > 0.99 (circles) are also shown. (B) Residual plot of the overall
fit. (C) 13C CP/MAS NMR spectrum of M/t-U(5000)/SiNc.
These results reveal that the local structure of t-U(5000) [241, 247] remained essentially
unaltered after the inclusion of the SiNc molecules. The thermogravimetric analysis (TGA,
Figure 5.14) of the non-doped t-U(5000) host and of M/t-U(5000)/SiNc show that the thermal
decomposition of the two hybrids occurred in a single step with an abrupt mass drop stage.
The onset of degradation of the t-U(5000) host and of M/t-U(5000)/SiNc is located at ∼
230◦C and ∼ 185◦C, respectively. Beyond ∼ 400◦C a stability plateau was attained and at
∼ 800◦C a residue that represents 10 % of mass loss remained.
The interaction between the SiNc molecules and the t-U(5000) was further studied through
the inspection of the IR spectrum of the doped-material in the amide I and amide II regions.
The amide I mode, usually found between 1700 and 1600 cm−1, is associated essentially with
the C=O stretching vibration [278, 279]. The amide II region, typically ranging from 1600 to
1500 cm−1, is associated with a complex mixture of the C-N and C-C stretching modes and
the in-plane bending mode of the N-H group [241, 247, 274]. The ATR/FT-IR spectra of M/t-
U(5000) and M/t-U(5000)/SiNc in the amide I and amide II regions are represented in Figure
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Figure 5.14: TGA curve of M/t-U(5000)/SiNc (black line) and of t-U(5000) (red line).
5.15A and Figure 5.15B, respectively. The amide I band of the ATR/FT-IR spectrum of M/t-
U(5000) was resolved into five components at ∼ 1741, 1720, 1697, 1670 and 1645 cm−1, Figure
5.15A. The amide II region exhibited a single component at about 1570 cm−1.
Figure 5.15: ATR/FT-IR spectra (solid line) and curve-fitting results R2 > 0.99 (circles)
of (A) M/t-U(5000) and (C) M/t-U(5000)/SiNc. (B) and (D) are the residual plots of the
overall fit presented in (A) and (C), respectively.
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In the case of the amide I region of M/t-U(5000)/SiNc, apart from the above compo-
nents, an additional band was detected at 1610 cm−1, Figure 5.15B. The band at 1645 cm−1
is assigned to C=O groups included in highly ordered hydrogen-bonded urea/urea aggregates
[241, 247, 274, 278, 280]. The bands at 1720, 1700 and 1670 cm−1 are attributed with C=O
groups belonging to disordered hydrogen-bonded poly(oxypropylene) (POP)/urea aggregates
of increasing strength, whereas the band at 1741 cm−1 is ascribed to urea groups devoid of
any hydrogen interaction [241, 247, 274, 278, 280]. The growth of the feature at 1610 cm−1,
originating from doping, points out that the incorporation of the chromophore molecule into
t-U(5000) led to the formation of new hydrogen-bonded aggregates stronger than those ini-
tially present in the host hybrid framework. Considering the chemical structure of the SiNc
molecule, Figure 4.5, with a rotor-like characteristic design composed of four helices including
planar rigid aromatic rings (Figure 4.5), we suggest that the emergence of the new ordered
hydrogen-bonded aggregates is presumably a consequence of the partial breakdown of the
strongest aggregates of t-U(5000) caused by the bulkiness of SiNc.
The films refractive index dispersion curves were measured by spectroscopic ellipsometry,
Figure 5.16. The ηt values depends on the refractive index (n) of the optically active layer
at the emission wavelength. The trapping efficiency can be calculated from the dispersion
curve data in Figure 5.16, using Eq. 2.2 at the emission wavelength (in this case, 758nm).
This parameter determines the fraction of photons confined within the substrate, accounting
for the emission losses at the surface through a so-called escape cone with an aperture angle
θc = 2 × sin−1(1/np). Attending to the dispersion curves of the chlorophyll-based hybrids,
(1.49 < n < 1.50 at 675nm), trapping efficiency values 74 % are predicted.
As a result of the pi − pi∗ transitions, phthalocyanines and naphthalocyanines exhibit two
distinct absorption regions: one in 300-500nm region, named B-band, and another one in the
visible/NIR region (600-800nm), termed as Q-band. Figure 5.17 shows the absorption spectra
of SiNc in THF solution and of the F/t-U(5000)/SiNc and M/t-U(5000)/SiNc hybrids. In
THF solution, SiNc presents a characteristic naphthalocyanine monomeric absorption, with
the Q-band absorption at 772.0nm assigned to the S0(0)-S1(0) transition, and the B-band at∼
350nm [248, 258]. Apart from changes in the absorbance values and of a minor bathochromic
shift to 773.5nm, the absorption spectra of M/t-U(5000)/SiNc and F/t-U(5000)/SiNc are
similar to that of the SiNc molecules dissolved in THF, discarding the formation of SiNc
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Figure 5.16: Refractive index dispersion curve of F/t-U(5000)/SiNc.
aggregates [255, 257, 258]. The molar extinction coefficient values (ε) were quantified for
SiNc in THF solution and processed as thin film, resembling those previously reported (4 ×
105M−1 · cm−1) [248, 258].
Figure 5.17: Absorption spectra of M/t-U(5000)/SiNc, F/t-U(5000)/SiNc and SiNc in THF
solution. The inset shows a magnification of the absorption peak in the NIR spectral region.
Figure 5.18 depicts the emission spectra of SiNc in THF solution and of
M/t-U(5000)/SiNc, which are, in both cases, dominated by the fluorescence of the dye in
the red/NIR region from 700 to 900nm, overlapping the optical response of c-Si-based PV
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devices (also depicted in Figure 5.18). Almost all the SiNc emission spectra reported in the
literature were recorded using detection conditions spectral limited to 800-850nm, which dis-
ables the observation of the high-wavelength region emission (> 800nm) [259, 260]. Here,
and also, for instance, in [255], the detection conditions provide the emission acquisition up to
1100nm, unequivocally revealing that SiNc emission occurs in a larger region (700-950nm)
rather than the usual reported one (700-850nm).
Figure 5.18: Emission spectra excited at 365nm of M/t-U(5000)/SiNc, F/t-U(5000)/SiNc
and SiNc in THF solution (left axis) and spectral relative response for the c-Si PV device
provided by the manufacturer, IF D91, Industrial Fiber Optics, Inc. (right axis).
Despite a minor deviation of the emission spectrum of and F/t-U(5000)/SiNc, it overlaps
with those of M/t-U(5000)/SiNc and of SiNc in THF solution (Figure 5.18) pointing out that
the aggregation of the dye molecules inside the hybrid host was prevented, as already noticed
by UV/Vis absorption spectroscopy (Figure 5.17). The presence of a very low-emission band
in the blue region, inset on Figure 5.19A, arising from the dye fluorescence and from the
t-U(5000) host [241, 247], is also observed. The negligible intensity of the t-U(5000)-related
emission indicates the existence of energy transfer between the hybrid host and the dye. From
the inset of Figure 5.19A one may conclude that the emission band at 410nm exists for SiNc
in solution and also for M/t-U(5000)/SiNc and F/t-U(5000)/SiNc. Figure 5.19B presents the
emission of the non-doped M/t-U(5000) prepared under the same conditions as those used for
M/t-U(5000)/SiNc. It is clear that the emission spectrum of SiNc suffered an increase of the
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intensity at 410nm when incorporated into t-U(5000) cumulative of both system emissions.
Figure 5.19: Emission spectra (excitation at 350nm) of (A) SiNc in THF solution (green
dots), M/t-U(5000)/SiNc (black line) and F/t-U(5000)/SiNc (pink triangles). The inset shows
a magnification of the 395 to 545nm spectral range. (B) Emission spectra (excitation at
350nm) of non-doped M/t-U(5000).
The emission properties were quantified by the measurement of the absolute emission
quantum yield, revealing larger values under UV excitation at 350nm for
M/t-U(5000)/SiNc and F/t-U(5000)/SiNc (see Table 5.7). We note that for F/t-U(5000)/SiNc
the maximum q value (∼ 0.17) is the same, within the experimental error, as that found for the
diluted dye solution in THF. Therefore, we may conclude that the spectroscopic properties,
as well as the photophysical parameters, were not significantly affected by the environment
felt by the dye molecule in the t-U(5000) matrix.
Using the Beer-Lambert law, the molar extinction coefficient (ε, M−1 · cm−1) was calcu-
lated from the linear dependence (slope) found for the absorbance vs. concentration, Figure
5.20.
The excitation spectra were monitored within the maximum emission band (Figure 5.21
resemble the absorption spectra in Figure 5.17, reinforcing that the SiNc incorporation into
the hybrid matrix did not produce significant changes in the optical properties of the dye.
In order to quantify the ability of F/t-U(5000)/SiNc to absorb the sunlight available for
PV conversion, the overlap integral defined by Eq. 2.12 was calculated [159, 189] yielding
∼ 2.6×1020 photons·s−1·m−2. The magnitude of the O value indicates that F/t-U(5000)/SiNc
has the potential to absorb ∼ 6 % of the solar photon flux on Earth (4.3×1020 photons·s−1·m2)
[5, 23, 127, 136].
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Table 5.7: Photophysical parameters of SiNc in THF solution and processed as a monolith
and as a thin film. The excitation wavelength used for the measurement of the absolute
emission quantum yields is indicated in parenthesis.
Sample ε (M−1 · cm−1) q τ × 10−9 (s)
SiNc in THF solution (5.4± 0.1)×105
0.17± 0.02
3.6± 0.1(350nm)
0.10± 0.01
(745nm)
M/t-U(5000)/SiNc -
0.07± 0.01
3.6± 0.2(350nm)
0.03± 0.01
(745nm)
F/t-U(5000)/SiNc (3.4± 0.2)×105
0.16± 0.02
3.7± 0.1(350nm)
0.08± 0.01
(745nm)
Figure 5.20: Absorption spectra used to calculate the molar extinction coefficient of (A) SiNc
in THF solution and (B) F/t-U(5000)/SiNc deposited as thin film (t = 2.0± 0.2× 10−5m).
Time-resolved fluorescence measurements of SiNc in THF solution and embedded in the
hybrid matrix (Figure 5.22) allowed the calculation of the excited state lifetime. The emission
decay curves, monitored at 782nm, revealed a single exponential decay, whose lifetime value
found for the SiNc in THF solution is analogous to that found after the incorporation in
the hybrid, Table 5.7. This evidence corroborates the fact that, when incorporated into
tri-ureasil hybrid, the SiNc dye behaved like in solution medium, in contrast to reported
in previous works [258, 281] where a shortening of the fluorescence lifetime occurred in solid
films, indicating that non-radiative processes were activated. Moreover, the similarity between
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Figure 5.21: Absorption spectrum of F/t-U(5000)/SiNc) (left axis) and AM1.5G photon flux
(right axis). The shadowed area represents the overlap integral O.
the lifetime values in Table 5.7 reinforces the conclusion taken from UV/vis absorption and
emission spectra that the SiNc molecules preserved their monomeric structure.
Figure 5.23 shows F/t-U(5000)/SiNc and M/t-U(5000)/SiNc under UV illumination, il-
lustrating the potential of the SiNc-doped tri-ureasils as NIR-emitting LSCs. It is evident
that the radiation emitted at the surface is guided to the edges, where it can be collected by
a PV cell.
The hybrids materials processed as films were selected to be tested as LSCs due to the
larger absolute emission quantum yield compared with that found for the monoliths (Table
5.7). The F/t-U(5000)/SiNc was coupled to a Si-based photodiode and the LSC performance
was quantified by measuring ηopt ±∆ηopt. Considering the total incident number of photons,
the calculated ηopt value was 1.50 ± 0.01 %. These results highlight the suitability of the
t-U(5000)/SiNc-based LSC as a good alternative for QDs-based LSCs.
The performance of the LSCs was quantified coupling one of their edges to a c-Si PV cell
and calculating the PV cell EQE (Eq. 2.22). As illustrated in Figure 5.24 for a representative
LSC, the EQE of the PV cell coupled to the t-U(5000)/SiNc-based LSC is well correlated
to the absorption spectra of the active layer (Figures 5.17 and 5.21). Despite the fact that
the NIR region (between 700 and 800nm) is the spectral range of maximum absorption of
SiNc dye, the EQE enhancement is more evident in the UV spectral region (300-380nm)
compared with that found in the NIR. The distinct contributions of the LSCs for the PV
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Figure 5.22: Emission decay curves of (A) SiNc in THF solution, (B) M/t-U(5000)/SiNc and
(C) F/t-U(5000)/SiNc. The solid lines represent the data best fits (r2 > 0.99) obtained using
a single exponential function. The respective residual plots are shown on the right side. All
the decay curves were recorded exciting at 329nm and monitoring the emission at 782nm.
Figure 5.23: Photographs of (left) F/t-U(5000)/SiNc and (right) M/t-U(5000)/SiNc under
UV illumination (scale bar, 1 cm). The photographs were taken using a webcam to which the
infrared filter was manually removed, and using a negative film as a filter in the visible spectral
region and the photographs were enhanced by a false colour rendering method (pseudocolour).
cell EQE may be rationalized as follows. The small EQE increase in the NIR spectral region
(750-800nm) results from the lower q values (Table 5.7) and the low emission Stokes-shift
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(strong self-absorption) of the SiNc. Nevertheless, we note the larger increase of the EQE
in the UV benefiting from the fact that in the UV spectral range the Si PV cells have lower
performance and the active layer displays larger q values (Table 5.7), together with a larger
Stokes-shift (negligible self-absorption). The adding contribution of the LSC in the UV region
projects c-Si PV cells with nearly flat EQE curve over a large wavelength range from the UV
to the NIR.
Figure 5.24: Experimentally measured EQE curves for c-Si PV cell in the standard configu-
ration coupled to the t-U(5000)/SiNc-based LSC (left axis) and in the absence of any LSC
(right axis).
5.4 Conclusions
LDS layers and LSCs made of PMMA doped with Ln3+ based ionic liquids were stud-
ied. The absorption spectra overlaps mainly the UV component of the solar irradiance on
Earth (300-400nm) and the emission spectra covers the visible-NIR spectral regions. The
performance of the LDS layer coupled to a c-Si PV cell was also studied with an absolute
increase in PV cell EQE of 25 % between 300-360nm. LSCs based on Eu3+ and Tb3+ were
also produced showing promising results. In what concerns PMMA doped with Y b3+ and
Nd3+-based ionogels, the performance of the LDS layers and LSCs did not increase due to
low absolute emission quantum yield. Moreover, the use of PMMA doped with Ln3+ based
ionogels as optically active centres in LDS layers and LSCs, demonstrates the potential of
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ionogels in LDS layers and LSCs as a relevant step towards highly efficient and resistant to
ambient conditions devices.
The use of NIR dyes as active centers in LSCs can be a promising step towards the
engineering of new devices. A naphthalocyanine derivative (SiNc) was studied, due to its
wide coverage of the solar spectrum (absorption at 300-450nm and 600-850nm) and emission
centred around 785nm, where the fraction of radiation absorbed by Si-PV cells is high.
The incorporation of this dye into a tri-ureasil organic-inorganic hybrid matrix enabled the
easy coating of a PV cell without affecting the SiNc photophysical properties. Thin dye
doped hybrid films (F/t-U(5000)/SiNc) with absolute emission quantum yield of 0.17 and
lifetime of 3.7ns were produced and their performance in LSCs was evaluated achieving an
ηopt ∼ 1.50 ± 0.01 % and EQE values exceeding 20 % in the UV region. The SiNc-based
tri-ureasil is, therefore, an intriguing example of a NIR layer for LSC devices.
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Chapter 6
Transparent and flexible
luminescent solar concentrators
In this chapter, we present a new geometry for LSCs based on triangular hollow-core
POFs filled with organic-inorganic hybrid materials doped with Rh6G, Rh800 or an Europium
β-diketonate complex. Large area LSCs are built from POFs bundle structures, whose as-
sembling is favoured by the fibre triangular cross-section that also contributes to maximize
the coverage of a PV cell surface compared with that of cylindrical POFs. Each bundle
fibre behaves as an individual LSC absorbing UV/blue components of the solar spectrum
and emitting visible and NIR radiation. The LSCs are characterized by optical conversion
efficiency values up to ηopt ∼ 5.28 ± 0.01 %, among the largest values reported up to now
for single-layer LSCs. Moreover, the coupling between the LSCs to commercial Si PV cells
yield maximum power conversion efficiency values of PCE ∼ 0.74 ± 0.01 %. The individual
waveguiding features of each fibre in the bundle contributes to reduce the re-absorption, as
lower performance values (ηopt ∼ 1.54 ± 0.01 %; PCE = 0.09 ± 0.01 %) were estimated for a
planar LSC with analogous surface collection area and radiation harvesting absorbance.
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6.1 Introduction
Besides the emission spectral range of the LSCs, performance is also set by geometry.
In fact, theoretical studies pointed out that the optical concentration of cylindrical LSCs is
up to 1.9 times greater than that of planar ones [186, 282]. We highlight here the main
advantages of fibre-based LSCs arising from the intrinsic properties of the fibre themselves.
Indeed, light-weight, flexibility, and the easy coupling to other optical fibres for radiation
wave-guiding permit remote light harvesting with new fields of applications, such as mobile
applications [283] and indoor daylighting [284]. Moreover, the cylindrical approach requires
a smaller area of solar cells to produce the same amount of electricity as an equivalent square
LSC [23, 282]. Visible-to-NIR-emitting LSCs made of triangular shape hollow-core POFs
in which the circular core is filled with a modified tri-ureasil organic-inorganic hybrid host
doped with Eu(TTA)3 ·2H2O, Rh6G, or Rh800, Figure 6.1 were fabricated. Hollow-core fibres
compared to coated ones add the advantages of mechanical and environmental protection to
the optically active layer, which is an extra feature for real outdoors applications. The use of
organic-inorganic hybrids to incorporate emitting centres lies on the well-known advantages
of such materials that combine the thermal stability of the inorganic part with the flexibility
of the organic one [180]. Moreover, the role of di-ureasils in the LSC design optimization
was already recognized [169, 171, 206, 285–287]. Bundle structures of POFs-based LSCs were
fabricated to increase the exposed area and the coverage of the PV cell surface. Although, a
total coverage of the PV cell area could be attained using fibres with square or rectangular
cross-section to form the bundle [283], higher optical efficiencies (2-5 %) and larger photon
concentrations (30-33 %) are expected for cylindrical LSCs relative to that of square ones [186].
These bundles display ηopt values up to ∼ 5.28±0.01 % and a maximum PCE ∼ 0.74±0.01 %,
when coupled to a Si PV cell. These values are larger than those measured for a planar LSC
with analogous surface collection area and light harvesting absorbance, demonstrating the
relevance of the fibre-based geometry in the performance.
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Figure 6.1: Schematic representations of the fabricated (A) cylindrical LSCs made of hollow-
core POFs assembled in a bundle structure, with magnification of the edge of one fibre, where
y1 = 1.1 × 10−3m, y2 = 1.5 × 10−3m, and t = 1.3 × 10−3m and of the (B) planar LSC
composed of two PMMA and one hybrid layers. The bundle and planar LSCs dimensions
are l = 10 × 10−2m, w = 2 × 10−2m and the thickness= t is indicated in the figure. The
optical active layer is the Ln3+, Rh6G- or Rh800-doped t-U(5000) organic-inorganic hybrid
embedded into the (A) fibre hollow core or (B) in the middle of the two PMMA slabs. The
chemical structure of the (C) tri-ureasil organic-inorganic non-hydrolysed precursor is also
presented.
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6.2 Optical characterization of the LSCs optically active layer
Figure 6.2 shows the POF-based LSCs under UV and solar simulator AM1.5G radiation
illumination evidencing that the emission is guided to the edges of the device through total
internal reflection. The emission spectra of the guided radiation at the fibre extremities is
ascribed to the 5D0 →7 F0−4 transitions, for the Eu3+-based LSC, and to the dyes fluores-
cence, for Rh6G- and Rh800-LSCs, as illustrated in Figure 6.2. In all the cases, the emission
overlaps the spectral response curve of c-Si based PV devices (Figure 6.3 and Figure 6.4a),
as required for efficient LSC devices.
Figure 6.2: Fabricated (A,B) Eu-, (C,D) Rh6G- and (E,F) Rh800-LSCs under UV radiation
at 365 nm (top) and solar simulator AM1.5G (bottom). The inset on (F) is a photograph of
the Rh800-LSC taken with an infrared camera.
The emission properties of the optically active layers were further quantified, being char-
acterized by maximum absolute emission quantum yield values of 0.89± 0.09 and 0.21± 0.02
(excitation at 320nm) for Eu- and Rh800-LSCs, respectively, and 0.95 ± 0.10 (excitation at
560nm) for the Rh6G-LSC. We note that the incorporation of the Eu(TTA)3 · 2H2O com-
plex in the hybrid induced an increase in the values due to coordination ability of the organic
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Figure 6.3: Cross-section optical microscopy images of the (A,B) Eu-, (C,D) Rh6G- and (E,F)
Rh800-LSCs under white light illumination (A,C,E) and UV irradiation at 365nm (B,D,F).
Hyperspectral images of selected areas of (G) Eu-, (H) Rh6G- and (I) Rh800-LSCs and the
corresponding emission spectra measured in the core and cladding regions.
counterpart of the host structure which is strong enough to displace water molecules of the
complex from the rare earth neighbourhood after the incorporation process [156]. For the
Rh800- and Rh6G-LSCs, the absolute emission quantum yield value is identical to the iso-
lated dyes [190, 192] and there is no indication of formation of J-type aggregates [288, 289],
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pointing out that the hybrid host is appropriated for an efficient incorporation of organic dye
molecules.
Figure 6.4: (A) Emission spectra excited at 370, 480 and 620 nm for Eu- (red circles), Rh6G-
(orange diamonds) and Rh800-LSCs (blue triangles), respectively. The green line is the
normalized response curve of c-Si photovoltaic devices. (B) Absorption spectra for Eu-,
Rh6G- and Rh800-LSCs and AM1.5G photon flux (the colour code is the same than in (A)).
In order to quantify the ability of the LSCs to absorb the sunlight available for PV conver-
sion, we calculate the overlap integral between the optically active layer excitation spectrum
and the solar irradiation on Earth by [287], Eq. 2.12. The larger values for the overlap integral
(Figure 6.4B) were found for the Rh800-based hybrid, revealing 7.1× 1020 photons·s−1 ·m−2
compared with 1.0×1020 and 5.1×1020 photons·s−1 ·m−2 found for the Eu- and Rh6G-based
ones. The estimated O values indicates that the Eu-, Rh6G- and Rh800-LSCs have the po-
tential to absorb, respectively, ∼ 2 %, ∼ 12 % and ∼ 17 % of the solar photon flux on the
Earth, estimated as 4.3× 1021 photons·s−1 ·m−2 [127, 163, 285].
The excitation spectra of the dye-doped hybrid layers were monitored within the emission
peak position, Figure 6.5, namely around 590nm and 715nm, for Rh6G- and Rh800-LSC,
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respectively, and within the 5D0 → 7F2 transition for the Eu3+-LSC. These spectra resemble
the absorption ones in Figure 6.4B. The excitation spectrum of the Eu3+-LSC is formed of a
broad band (full width at half maximum of 130nm) in the UV spectral region with two main
components at 280nm and at 330-370nm mainly ascribed to the hybrid host and to the TTA
triplet states [189, 243]. The high-relative intensity of the TTA-related band readily indicates
that the ligand-excited states are the main intra-4f6 population path. The excitation spectra
of the Rh6G- and Rh800-LSC overlaps the hybrid host excitation region (240-450nm) and
present broad bands (450-550nm for Rh6G-LSC and 550-720nm for Rh800-LSC) ascribed
to direct excitation of the dye related states [257, 290]. In the case of the Rh800-LSC, the
excitation spectrum peaks at 690nm. The absence of the emission bands typically of the
undoped host [241] in the emission spectra of the LSCs and of the TTA excited states in the
Eu3+ case [189] points an effective hybrid-to-optically active centre energy transfer [291].
Figure 6.5: Excitation spectra monitored at 615, 590 and 715nm for Eu-LSCs (red circles),
Rh6G-LSCs (orange diamonds) and Rh800-LSC (blue triangles), respectively.
As evidenced in Figure 6.3, radiation trapping depends on the optically active layer.
Whereas for the Eu-LSCs the emission intensity guided in the PMMA cladding is larger (∼ 3
times) than that in the hybrid layer, for the Rh6G- and Rh800-LSC the radiation propagation
is more intense in the hybrid layer at the fibre core than in the cladding (Figure 6.3). We note
that the increased PMMA attenuation[159, 287] in the Rh800 emission range also accounts
for the significant relative increase of the intensity at the core (by a factor of ∼ 6) for the
Rh800-LSC.
These later results may be further rationalized using a simple analytic expression Eq. 2.3
that, for a uniform distribution of emitting centres and isotropic emission over a solid angle,
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depends on the difference between the refractive index values (at the emission wavelength
range) of the optically active layer at the core (ncore) and at the PMMA (nclad) [292].
Refractive index dispersion curves of the doped hybrids were measured by spectroscopic
ellipsometry and the elipsometric parameters are shown Figure 6.6. Whereas for the refractive
index of the PMMA (nclad ∼ 1.49) is very close to that of the Rh6G (ncore = 1.50) and Rh800
(ncore = 1.49) optically active layers, nt tends to a minimum value, which readily indicates
that the radiation emitted at the core is also guided within the PMMA cladding. In the case
of the Eu-LSCs, the larger refractive index of the cladding (nclad ∼ 1.49) compared with that
of the core (ncore = 1.46) yields to a dominant radiation guidance in the PMMA, Figure 6.7.
Figure 6.6: Ellipsometric parameters Is (circles) and Ic (triangles) measured for the active
layer of (A) Eu-LSC, (r2 > 0.498), (B) Rh6G-LSC (r2 > 0.404) and (C) Rh800-LSC (r2 >
0.948), (D) POF (r2 > 0.928), and (E) undoped t-U(5000) (r2 > 0.633). The lines represent
the best data fit.
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Another parameter that contributes to nt is the distance r from the fibre centre at which
the emission occurs which, for a POF with external diameter R, is given by Eq. 2.4 [202],
with a maximum value near the surface, that decreases as r approaches the centre of the
POF (Figure 6.7). We note that for the geometry here proposed, R ∼ 1.5mm the emission
guidance occurs in the core, 0 ≥ r ≥ 1.1 × 10−3m and, therefore, average nt values of 0.39
were estimated for the Eu-, Rh6G- and Rh800-based LSCs, respectively.
Figure 6.7: (A) Refractive index dispersion curves of the LSC optically active layers and
PMMA and (B) trapping efficiency (nt) as function of the ratio r/R (Eq. 2.4).
To demonstrate the real applicability of the triangular-shaped LSCs the experimental ηopt
values were also determined under natural daylight illumination (∼ 944W ·m−2). We should
note that the dependence of optical path on the geometry is weighted through the geometrical
gain G (G = As/Ae), by considering in the calculus of As (surface area) the effective length
Lc of each LSC (equivalent length for a fibre without attenuation) and Ae as the area of
the two edges, as it is expected the same radiation concentration at each LSC end, and thus
G ≈ 11. The calculated Lc values are similar to those reported for long-length hollow-core
LSCs, despite the much shorter length of the POFs used here [158].
The spectra acquired at the edges of the fibre is illustrated in the Figure 6.8 where the
AM1.5G spectrum is shown, as well as the emission at the edges for the illustrative case
of Rh6G-based LSC. This later spectrum, Figure 6.8B, reveals the contribution of the Rh6G
emission and also, as expected, the solar radiation in the region not absorbed by the material.
The ratio between both spectra is presented in Figure 6.8C, where it is clear the contribution
of the Rh6G related emission.
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Figure 6.8: (A) Solar simulator AM1.5G spectrum, (B) spectrum measured at the edges of the
Rh6G-based LSC and (C) the ratio between them showing the contribution of the optically
active layer emission.
The diameter of the hybrid layer is ∼ (1.11± 0.03)× 10−3m, the same order as the POF
thickness and thus, the probability of absorption of the emitted photons with higher order
modes (photons emitted with an angle closer to θc, Eq. 2.1) is increased, due to the fact
that the optical path is greater for these photons than for the lower mode ones. Furthermore,
there is an additional attenuation of the optical signal of the evanescent electromagnetic field
propagated through the PMMA. In summary, the radiation is also guided within the hybrid
layer, besides the PMMA cladding.
Since the radiation guidance preferentially occurs in the hybrid layer, additional losses
are predicted as the absorption coefficient of the hybrid material is larger than that of POF
(Figure 6.9 and 6.10). Thus, radiation will travel a shorter length compared to the total
length of the LSCs fabricated. Similarly to that recently reported [158], the discussion of the
radiation propagation must also take into account the absorption spectra of the hybrid and
PMMA layers (Figure 6.4). Such length was experimentally quantified by a piano test [191], in
which the LSCs were covered by pieces of black paper cut into 1 cm-wide piano-key-like strips.
The Pout was quantified under natural daylight conditions as function of the distance L of the
illuminated area to the detector (Figure 6.9). Due to the short length of the LSCs, the data
were analysed in logarithmic scale and fitted to a linear function, in which the slope would be
126
6.2 Optical characterization of the LSCs optically active layer
considered as the LSC attenuation coefficient (α). Therefore, α is ∼ 17.6m−1, ∼ 8.8m−1 and
∼ 18.0m−1 for Rh6G-LSC, Eu-LSC and Rh800-LSC, respectively. For Rh6G- and Rh800-
based LSCs, the effective length Lc (equivalent length for a fibre without attenuation) is
∼ 4.0× 10−2m; for Eu-LSC, Lc ∼ 5.0× 10−2m.The fibre maximum Lc was estimated to be
∼ 6.0×10−2m for Rh6G- and Rh800-based LSCs and ∼ 11×10−2m for Eu-LSC by replacing
the values into Eq. 2.23.
Figure 6.9: Output power as function of the distance measured in the piano test [172]. The
solid lines correspond to the data best fit (r2 > 0.90). The data is in logarithmic scale.
Considering the total incident spectral range, ηopt ±∆ηopt values of 0.65± 0.01 %, 2.07±
0.01 % and 0.49 ± 0.01 % were measured for Eu-, Rh6G-and Rh800-LSCs, respectively. We
notice that these values although smaller than those of ZnS-coated CISeS QDs incorporated
in poly(lauryl methacrylate) (ηopt = 3.27 %) [172], and tri-ureasil-Rh6G-based LSCs based on
cylindrical POFs (ηopt = 8.0 %) [158], are analogous to the figure of merit recently reported
for single-layer LSCs (without external devices such as reflectors) to enhance ηt, namely LSCs
based on Stokes-shift-engineered QDs embedded in PMMA (ηopt ∼ 1 %) [170].
Aiming at compare the relevance of the fibre geometry for the LSCs performance, the ηopt
and PCE were also quantified for analogous LSCs based on fibres with circular geometry,
Table 6.1. We noticed an increase in both parameters for the triangular shaped, when com-
pared with the performance of the circular LSCs, independently of the optically active layer
(Table 6.1) experimentally confirming the relevance of triangular geometry.
127
Transparent and flexible luminescent solar concentrators
Table 6.1: Comparison of the fibre-based LSC performance (ηopt and PCE) for devices with
analogous length (l) and diameter (y) and distinct geometries.
Active centre Fibre geometry L (m) y (m) ηopt (%) PCE (%)
Eu3+
hollow-triangular
3.5× 10−2 10−3
1.14 0.058
Rh6G 1.52 0.074
Eu3+
hollow-cylindrical
0.02 0.001
Rh6G 0.33 0.018
Eu3+
bulk-coated
0.06 0.001
Rh6G 0.18 0.004
6.3 Large area LSCs: bundle structures and planar devices
Beside the contribution of the triangular geometry for the LSCs performance, illustrated
in Table 6.1, the triangular design of the POFs allows an easier coupling between them, when
compared to cylindrical ones, giving the possibility of fabricating large area LSCs based on
bundle structures (Figure 6.10). One of the advantages of the proposed fibres assembled
in parallel is that each LSC behaves as an individual device, avoiding re-absorption of the
emitted radiation by adjacent optical centres, as detailed below. Also, as each fibre can
incorporate distinct emitting materials, broad absorption and emission bands are achieved,
to ensure the use of as much of the solar radiation spectrum as possible.
Another advantage of the triangular geometry is related to its packing ability. For instance,
considering a square PV cell with dimensions 2.0× 0.2 cm2, and a bundle of cylindrical LSCs
with d = 0.2 cm, the maximum number of LSCs that could be coupled to PV cell would
be 10; otherwise, if we consider a bundle of triangular LSCs, each side of the triangle with
0.2 cm, the maximum number of LSCs that could be coupled to the PV cell should be 20.
Using these example dimensions, the overall covered area of the PV cell would be 0.31 cm2
and 0.34 cm2 for the cylindrical and triangular LSCs bundle, respectively. The portion of the
PV cell not covered would correspond to ∼ 22 % and ∼ 15 % of its total area. Thus, by using
the triangular geometry instead of the cylindrical one, the coverage of the PV surface could
be improved in ∼ 7 %.
Since it is expected to have a higher amount of photons reaching the PV device comparing
with the standalone LSCs, to evaluate the electrical performance of the bundles, PCE values
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Figure 6.10: Photographs of bundles of (A,B) Eu-LSCs, (C,D) Rh6G-LSCs, (E,F) Rh800-
LSCs and (G,H) Eu-, Rh6G- and Rh800-LSCs simultaneously under AM1.5G radiation (top)
and UV radiation at 365nm (bottom). The photograph on (E) was taken with an infrared
camera.
of a coupled Si-based PV cell were calculated through Eq. 2.21, under natural daylight
illumination (∼ 724W · m−2), resulting in 0.08 ± 0.01 %, 0.21 ± 0.01 % and 0.74 ± 0.01 %
considering the two edges of the bundles of Eu-, Rh6G- and Rh800-LSCs, respectively. These
values are very promising when compared with PCE values of 0.2 % and 0.54 % reported for
a cylindrical LSC based on an Eu3+-doped organic-inorganic hybrid [159] and for a planar
LSC based on an organic-inorganic hybrid material doped with Lumogen Red, respectively
[292].
The EQE curve of the Si-based PV cell coupled to the large area LSCs was measured
(Figure 6.11). The same measurements were performed for the c-Si photodiode coupled to
each standalone LSC, yielding similar results (Figure 6.12). As can be noticed in Figure
6.11A-C and in Figure 6.12, for all the fabricated large area and standalone LSCs, the EQE
curves correlate well with the excitation spectra of the active layers (details of these spectra
are presented in Figure 6.5).
To experimentally demonstrate the relevance of the geometry for the performance, a three
layers planar LSC (Figure 6.1B) formed by a couple of PMMA slabs with the same surface area
of the bundle was fabricated. The space between the PMMA slabs was filled with the doped
organic-inorganic hybrid materials with thickness values tuned to have the same absorbance
of the corresponding bundle (Figure 6.13). To that, planar LSCs formed of two PMMA slabs
filled with Rh6G-based tri-ureasil hybrid were fabricated. The hybrid layer was deposited
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Figure 6.11: Cross correlation between the c-Si PV cell EQE when coupled to the bundles and
the excitation spectra of the active layers: bundles of (A) Eu-, (B) Rh6G-, (C) Rh800-LSCs
and of (D) Eu-, Rh6G- and Rh800-LSCs simultaneously.
Figure 6.12: Cross correlation between the photodiode EQE when coupled to the LSCs and
the excitation spectra of the active layers: (A) Eu-, (B) Rh6G- and (C) Rh800-LSCs.
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with distinct thickness values (t) to tune the LSC absorbance to values analogous to those
of the corresponding bundle, as illustrated in Figure 6.13. The absorbance spectra of the
fibre-based and planar LSC are identical, revealing a variation only in the relative intensity of
the components in the UV (280-390nm), probably related with the processing methodology
that induces a distinct kinetic of the sol-gel process affecting the gelation times, namely hours
for the films deposited by drop cast and few seconds for the fibres filled under vacuum, which
modulates the degree of organization of the materials [176, 188, 293]. Neverthless, we note
that in the visible spectral range with larger overlap with Sun spectral irradiance the spectra
are identical being dominated by the Rh6G lowest triplet state. Based on the experimental
data in Figure 6.13, we characterized the performnace of the LSC with a Rh6G-based layer
with t = 5.9× 10−4m and compare it with that of the fibres bundle.
To discuss the effect of the re-absorption mechanism in the proposed bundle geometry
compared with that found in planar LSCs, we selected the Rh6G-based layer to fabricate
the planar LSC because it combines larger self-absorption probability (small Stokes-shift
compared with that of Eu3+-based LSCs) and higher optical performance.
Figure 6.13: Absorbance spectra of the Rh6G-based layer in the bundle-based LSC and in
the planar one. The spectra demonstrate that the thickness (t values in the graph) of the
optically active layer in each LSC was tuned to ensure a similar radiation harvesting ability.
Figure 6.14 shows photographs of the planar LSCs under AM1.5G illumination, whose
performance was quantified through Eq. 2.14. We note that lower ηopt values were measured
for the Rh6G-based planar LSC (1.54 ± 0.01 %), relatively to that found for the bundle
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structure (5.28±0.01 %). The lower ηopt of the planar LSC yielded a poor PCE (0.09±0.01 %),
compared with the above mentioned for the bundle structure (0.21 ± 0.01 %), unequivocally
supporting the relevance of the novel LSC structure based on triangular-shaped POFs.
Figure 6.14: Photographs of Rh6G-based planar LSCs under AM1.5G radiation from (A) side
and (B) top views.
Further advantages of the bundle structure for large-area LSCs is the possibility to in-
corporate distinct optically active centres in each fibre, which would not be possible in a
conventional planar LSC. This bundle enables the UV and visible solar radiation absorption
in a single device with visible-to-NIR tunable emission, resonant with the spectral region of c-
Si devices greatest performance. To prove this concept, a bundle simultaneously incorporating
Eu-, Rh6G- and Rh800-LSCs was fabricated and tested (Figure 6.10G,H). The contributions
of the three active layers is discerned in the spectral regions of the EQE curve, overlapping
their excitation spectra (Figure 6.11d), yielding PCE = 0.33 ± 0.01 %, accounting for the
average contribution of each fibre in the bundle.
6.4 Modelling
The optical model relies on two PMMA layers and on one organic-inorganic Rh6G-based
hybrid layer in between (Figure 6.1b). The thickness of the PMMA and hybrid layers (∼ 2×
10−3m) are much larger than that of the light coherent length (∼ 10−7m), thus, interference
effects were neglected.
The geometrical inputs of the Monte Carlo ray-tracing simulation consist of a planar LSC
with three layers with analogous surface area (20×10−4m2) and thickness values of 2×10−3m
and 5.9× 10−4m for the PMMA and Rh6G-based layers, respectively. The input concerning
the spectral data consist of the solar spectrum AM1.5G (280-1600nm, photons with angle
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of incidence between −45◦ and 45◦), the absorption (Figure 6.13) and emission (Figure 6.4)
spectra, the absolute emission quantum yield and the dispersion curves for the PMMA and
Rh6G-based layer (Figure 6.7). Furthermore, we consider a thin layer of air underneath the
LSC.
The description of the simulation is described in Chapter 5. In this case, the photon
desired step size is 2× 10−4m.
The output of the simulation considering the photons reaching one of the LSC edges
yielded to ηopt = 0.74 ± 0.01 %, which is very close to that found experimentally (ηopt =
0.33 ± 0.01 %) for a single PV cell placed at one of the LSC edges, pointing out that the
simulation describes the main optical LSC waveguiding features.
6.5 Conclusions
A new triangular geometry for hollow-core LSCs was presented, whose core was filled
with an organic-inorganic hybrid doped with Eu(TTA)3 ·2H2O, Rh6G or Rh800. The Rh800
dye allowed the fabrication of NIR emitting LSCs, which are scarce in the literature. The
standalone fibre LSCs presented a maximum ηopt of ∼ 2.07±0.01 % for the Rh6G-based ones.
The fibres were assembled in bundles and coupled to c-Si PV cells and EQE measurements
were performed. The EQE curve of the PV cell resembled the excitation spectra of the
optically active layer in use. The building of large area LSCs based on easily-assembled
triangular POFs minimizes the self-absorption and transport spectral losses originated from
adjacent fibres, as each fibre behaves as an individual LSC. Furthermore, this methodology
permits to tune the radiation harvesting and emission spectral ranges to absorb the solar
irradiation and to match the efficiency of the target PV cell, respectively, pointing out the
suitability of these LSCs in real applications.
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Chapter 7
Sustainable luminescent solar
concentrators
This chapter will be focus on the development of LSCs based on natural dyes or pigments
that have light harvesting ability, high absolute emission quantum yield and the emission
in the NIR is perfectly tuned with the c-Si PV cell higher efficiency spectral region. Also,
pointing out the potential of this approach for the development of natural-based LSCs meeting
the requirements of reliable, sustainable and competitive energy systems.
In the first section of this chapter, we report novel chlorophyll-based LSCs with emission
properties in the red-NIR spectral region. The chlorophyll molecules were extracted from
Spirulina maxima which is an abundant cyanobacteria and an attractive natural source. To
enable the easy and controlled processing of planar LSCs, the chlorophyll molecules were in-
corporated into amine-functionalized organic-inorganic hybrids (di- and tri-ureasils) with the
added advantages of avoiding the formation of non-luminescent dye-clusters or dye-aggregates,
enhancing the absolute emission quantum yield and photostability. In the second section of
this chapter, the R-phycoerythrin (R-PE) protein, which is one of the most abundant phy-
cobiliproteins in red macroalgae, was used as optically active centre for LSC applications. In
this case, the R-PE was extracted from marine biomass, namely fresh Gracilaria sp. red algae
by an extraction and purification method which does not affect its conformational structure
or chromophore structural integrity. We should note that the use of Gracilaria sp. algae
takes advantage of local resources, since it is an abundant algae in Ria de Aveiro, Portugal.
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7.1 Introduction
Aiming at following a sustainable route for designing LSCs, photosynthesis may be an
inspiring natural mechanism if PV solar energy conversion is compared to an artificial photo-
synthesis process which is stopped short [124]. The optical and electrical functions of LSCs
and their attached PV cells mimic the radiation collection and charge generation processes,
respectively [124]. In photosynthesis, one key molecule is chlorophyll as it is responsible
for sunlight harvesting [294] with emission properties in the red/NIR spectral region. The
attractive properties of natural-based dye molecules for LSCs have been poorly explored.
Novel chlorophyll-based LSCs are processed and optically characterised, Figure 7.1A, in
the first part of this chapter. The chlorophyll molecules were extracted from Spirulina
maxima which is an abundant cyanobacteria and an attractive natural source. To enable the
easy and controlled processing of planar LSCs, the chlorophyll molecules were incorporated
into amine-functionalized organic-inorganic hybrids (di- and tri-ureasils) with the added ad-
vantages of avoiding the formation of non-luminescent dye-clusters or dye-aggregates [156],
enhancing the absolute emission quantum yield and photostability [89]. The chlorophyll-based
LSCs were coupled to a Si-based PV device, revealing ηopt and PCE values around 3.70±0.01 %
and 0.10± 0.01 %, respectively, demonstrating the huge potential of nature-inspired LSCs for
sustainable PV energy conversion. A quantitative evaluation of the chlorophyll-based LSCs
performance was corroborated by Monte Carlo ray-tracing simulations, indicating that the
optical efficiency can still be maintained for larger devices.
The potential replacement of synthetic organic dyes by luminescent organic molecules
extracted from renewable and natural materials could make LSCs cheaper and sustainable,
keeping other inherent features such as synthetic versatility, high absorption coefficients and
absolute emission quantum yields [125, 295]. As a matter of fact, previous studies proved
the advantages and the possibility of using natural and renewable materials for energy har-
vesting [296] and, specifically, for LSCs [297]. The most common natural dyes used in LSCs
are based on phycobilisomes. These are photosynthetic complexes, mainly composed of phy-
cobiliproteins, with light-harvesting ability over a broad range of the visible spectrum and
which concentrate the captured energy at the photosynthetic reaction centre [124, 126, 298].
Nevertheless, studies reporting natural dye molecules for LSCs are scarce. A recent example
reports the use of BODIPY emitter covalently linked to oligofluorene and dispersed in lauryl
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Figure 7.1: Representative scheme of the (A) planar Chl- and RPE-based LSCs attached
to the c-Si PV cells and (B) bundle RPE-based LSC where different cylindrical POFs are
stacked side by side.The arrows inside the LSC indicate total internal reflection of the emitted
radiation. The dashed arrows represent the PV cells coupling or reflective tape region.
methacrylate and ethylene glycol dimethacrylate, which when coupled to Si PV cells yielded
an EQE maximum value of 2.44 % [125]. Another p-LSC example is based on phycobilisomes
dispersed in acrylamide films [124, 126], which presented ηopt = 12.5 % [124]. In this study,
the use of phycobilisomes in liquid medium confined in a glass cuvette was also tested, but
considered disadvantageous due to the refractive index mismatch between the solution and
the cuvette [126].
Several LSCs based on optically active centres dispersed in a liquid medium have been
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proposed in literature [124, 126, 186, 208, 284, 299–304] but studies reporting LSCs perfor-
mance quantification (ηopt, EQE or PCE) figures of merit are not abundant [206, 305, 306].
The maximum ηopt values were found for PbS QDs dispersed in toluene (ηopt = 12.6 %,
considering collection along the four edges) [206] and for KI organic dye dispersed in a
liquid polymer (ηopt = 20.2 % for direct radiation) [303]. Very recently, an interesting
work reporting temperature-responsive LSCs using a liquid crystal as host for a coumarine-
derivative/perylene bisimide pair with ηopt = 2.4 % in the cold state and ηopt = 3.2 % when
warmed was published, stating the potential for LSCs with liquid optically active layers [305].
Despite the advantages of bio-based dyes in liquid medium, only one report mentions the use
of phycobilisomes in liquid medium for LSCs however, without mentioning any performance
quantification [126].
Among the natural dyes, phycobilisomes are very promising since donor and acceptor
molecules are already aggregated in an ideal configuration [126] and phycobiliproteins can be
efficiently extracted, without compromising their conformational structure or chromophore
structural integrity through a method already reported by some of us [245]. Moreover, R-
phycoerythrin (R-PE), which is one of the most abundant phycobiliproteins in red macroalgae,
has been pointed out as an important macromolecule in the field of medical diagnosis and
biomedical research [307] due to its high absorption coefficient and absolute emission quantum
yield [245]. Recently, laser effect was observed from R-PE from 602 to 620 nm with pulsed
optical excitation in a Fabry-Pe´rot resonator [308].
In the second part of this chapter, we merge two complementary aspects towards enhanced
performance sustainable LSCs devices: i) the use of R-PE, extracted from fresh Gracilaria
sp. red algae and dispersed in an aqueous solution, ii) the exploit of the geometrical factor fab-
ricating c-LSCs based on bundles of cylindrical hollow-core POFs, Figure 7.1B, and p-LSCs
composed of a glass container, Figure 7.1A. The use of Gracilaria sp. algae takes advantage
of local resources and markets. The fact of being dispersed in water makes this approach
sustainable and without waste nor significant negative impact towards the environment. Dif-
ferent concentrations (0.4 × 10−7 to 17 × 10−7M) of R-PE in aqueous solutions with high
molar brightness (B) values (2.2×105 to 6.2×105M−1 ·cm−1) were used to fabricate c-LSCs,
Figure 7.1B, and p-LSCs, Figure 7.1A. Electrical measurements were performed in coupled
c-Si PV devices, yielding maximum ηopt values of 5.55 ± 0.01 % (p-LSC) and 2.71 ± 0.01 %
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(c-LSCs bundle), and PCE of 0.27 ± 0.01 % (p-LSC) and (23.03 ± 0.01) × 10−3 % (c-LSCs
bundle).
7.2 Chlorophyll based luminescent solar concentrators
Chlorophyll molecules extracted from Spirulina maxima, an abundant cyanobacteria and
an attractive natural source, are immobilized in organic-inorganic di- and tri-ureasil ma-
trice enabling the production of sustainable LSCs. At low chlorophyll concentrations (<
3× 1017 molecules·cm−3), the photophysical properties of the chlorophyll molecules after in-
corporation into the hybrids closely resemble those in ethanolic solution (with an absolute
emission quantum yield of ∼ 0.16 and a fluorescence lifetime of ∼ 8ns). The LSCs were cou-
pled to a Si-based commercial PV device revealing ηopt and PCE values of 3.70± 0.01 % and
0.10± 0.01 %, respectively, illustrating the potential of this approach for the development of
natural-based LSCs meeting the requirements of reliable, sustainable and competitive energy
systems.
7.2.1 Structural and optical characterization of the LSCs optically active
layer
The local-structure of the chlorophyll-based organic-inorganic hybrids was studied by X-
ray diffraction (XRD) and 29Si magic-angle spinning (MAS) NMR spectroscopy. The XRD
patterns (Figure 7.2) of the chlorophyll-related hybrids are analogous to that of the isolated
d-U(600) [278, 309] and t-U(5000) [241, 247] hosts. The patterns show a broad band centred
at 21.20◦ and 20◦, respectively, associated with the presence of amorphous siliceous domains
[240, 278, 310, 311]. The second order of these bands appears as an even broader weak hump
around 39-44◦ [261]. Additionally, between 12 and 14◦ a shoulder is clearly discerned in all
patterns. This feature has been ascribed to other intra-siloxane domains in-plane ordering
with a characteristic distance of ca. 7.0 A˚. For the d-U(600) based hybrids a characteristics
distance of d = 4.2± 0.2 A˚ and for the t-U(5000) based hybrids a distance of d = 4.4± 0.2 A˚
were estimated using the Bragg law [240, 241]. The fact that there are no significant changes
in the patterns after incorporating the chlorophyll, suggests that the local structure of the
hybrid host remains essentially unaltered.
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Figure 7.2: XRD patterns of (A) d-U(600)- and (B) t-U(5000)-based hybrids.
Furthermore,the 29Si MAS NMR spectra of tU5-chl-1 and dU6-chl-2 (Figure 7.3) are
very similar being dominated by characteristic peaks at −60.5 and −65.4 ppm, assigned to
the CH2Si(OSi)2(OR) (T
2) and CH2Si(OSi)3 (T
3) silicon environments [241, 247, 309]. For
the d-U(600)-based hybrids another low-intensity peak at −57.6 from the CH2Si(OSi)(OR)2
(T1) local sites is also discerned. The signals between ca. −90 and −130 ppm are assigned
to (≡SiO)2Si(OH)2 (Q2, geminal silanols), (≡SiO)3SiOH (Q3, single silanol) and (≡SiO)4Si
(Q4, siloxane) local environments indicating the pre-hydrolysis of the t-UPTES(5000) and
d-UPTES(600) precursor, respectively [277].
The fact that there are no significant changes in the XRD patterns and NMR spectra after
incorporating the chlorophyll, suggest that the local structure of the organic-inorganic hosts,
d-U(600) and t-U(5000), remained essentially unaltered after the inclusion of the chlorophyll
molecules (Figure 7.2 and Figure 7.3) and revealing that ureasils are efficient hosts for dye
molecules [156].
The interaction between the d-U(600) and t-U(5000) hosts and the chlorophyll molecules
was further studied by ATR/FT-IR spectroscopy (Figure 7.4 and Figure 7.5). The intrinsic
molecular electron density distribution in chlorophyll molecules is characterized by i) polar
bonds to magnesium located at the chlorin ring; ii) few polar functional groups and iii) a
hydrocarbon tail, thus, the interaction with the hybrids amide non-polar groups by means of
London forces is expectable. In this sense, the analysis of ATR-FTIR focus on the amide I
(1700-1600 cm−1) and amide II (1600-1500 cm−1) regions [239], Figure 7.4A. The hydrogen
bonding in amide I and II regions arises from interactions between urea groups of different
chains, and between bonded urea groups and the PEO chains [239]. The amide I region
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Figure 7.3: 29Si MAS NMR spectra of (A) dU6-chl-2 and (C) tU5-chl-1. The spectral fitting
using a sum of Gaussian functions (shadowed areas) are ascribed to T1, T2, T3 and Q silicon
environments, and the overall fit (circles) is also shown. (B,D) are the residual plot of the
overall fits.
provides information about the degree of hydrogen bonding interactions, mainly associated
with υC=O (1637 cm
−1), Figure 7.4B and C, which are involved in more ordered hydrogen-
bonded urea-urea associations [239]. The absence of the peak at 1750 cm−1 in the chl-doped
hybrids indicates there are no free urea groups (not associated by means of hydrogen bonds).
After the incorporation of the chlorophyll, the position of the energetic peak of amide I
remains constant (1637 cm−1), Figure 7.4B and C, indicating that the ureaurea aggregates are
unaffected as the chlorophyll concentration increases [242]. However, a narrowing of the peak
full-width-at-half-maximum (fwhm) is observed as the concentration of chlorophyll increases,
Figure 7.4D. The larger variation of the fwhm in the t-U(5000)-based hybrids suggests a
stronger interaction between the chlorophyll molecules with the t-U(5000) compared with
that occurring with the d-U(600).
Focusing on amide II, the energy and fwhm of the dominant peak at 1560 cm−1 remains
unchanged, as the chlorophyll concentration increases in both hybrids (a negligible red-shift
below 1.6 cm−1 was detected for the d-U(600)-based materials). Thus, it can be concluded
that chlorophyll (or pheophytin) molecules interact with oxygen atoms from the carbonyl
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Figure 7.4: (A) ATR-FTIR spectra for d-U(600) and t-U(5000) hosts (black lines) and for
selected chl-doped hybrids (red lines). (B) and (C) are amplifications of the amide I region.
(D) Amide I fwhm peak as function of the chl concentration; the dashed lines are visual
guides.
groups, which also leads to a reorganization of hydrogen bonds in the amide I environment
[242], in which the observed narrowing, Figure 7.4D, can be associated to a more organized
environment induced by the chlorophyll incorporation.
The predominant interaction of the chlorophyll molecules with the oxygen atoms of the
urea groups rather than with those from the PEO chains is also inferred from the ATR/FT-IR
spectra acquired at lower frequencies (Figure 7.5). In this energetic region, the transitions are
associated mainly to the PEO chains, namely at 1350 cm−1 (ωCH2), 1250-1195 cm−1 (τCH2),
to the siliceous nanodomains at 1083 cm−1 (υCO,υSiOSi for SiO2 clusters) and polar groups
attached to the chlorin ring of chlorophyll and pheophytin at 1031 cm−1 (υCO and υCOCH3)
and 918 cm−1 (υCC and ρCH2). Apart from a minor blue-shift (∼ 7 cm−1) of the maximum
frequency of the peak at 1083 cm−1 and a decrease in the relative intensity between this peak
and that at 918 cm−1 for d-U(600), no significant changes are observed after the chlorophyll
incorporation.
Figure 7.5A,B shows the ATR/FT-IR spectra for selected chlorophyll-based hybrids and
those of the undoped d-U(600) [239] and t-U(5000) [241] are also presented to render easier
the analysis. Range (A,B) includes υNH hydrogen-bonded amide II×2 (3350 cm−1), υaCH3
(2965 cm−1), υaCH2 (2920 cm−1) and υsCH3 (2870 cm−1); range (C,D) includes transitions
associated to ketone, propionate and carbomethoxy υC=O (1712 cm
−1) from chlorophyll and
pheophytin, υC=O amide I (1637 cm
−1), δNH amide II (1560 cm−1), δCH2, δCH3 (1453 cm−1)
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Figure 7.5: ATR/FT-IR spectra for (A,C) d-U(600) and (B,D) t-U(5000) hybrids doped and
undoped with chlorophyll extract, over different ranges.
and δCH from phytol (1470-1460 cm−1 - C20 hydrocarbon tail from chlorophyll and pheo-
phytin) [312]. Figure 7.3 (C,D) includes transitions associated mainly to PEO chain, such as
1350 cm−1 (ωCH2), 1250-1195 cm−1 (τCH2); siliceous nanodomains, 1083 cm−1 (υCO, υSiOSi
for SiO2 clusters) and polar groups attached to the chlorin ring of chlorophyll and pheo-
phytin, 1031 cm−1 (υCO and υCOCH3) and 918 cm−1 (υCC and ρCH2). The analysis of the
range (A,B) shows that the t-U(5000) host presents very low hydrogen bonding interactions
for amide II groups, once the relative intensity of the peak at 3350 cm−1 to the group of peaks
centred at ∼ 2920 cm−1 (corresponding to vibrations of CH2 and CH3 PEO groups) is much
lower than for the d-U(600) host. Person et al. [313] have demonstrated that the reduction in
intensity of this mode (and sometimes also in frequency), may be correlated with a decrease
in hydrogen-bonding strength. This would imply that the hydrogen bonds in t-U(5000) are
weaker than in d-U(600). It seems such feature is correlated to the length of the PEO chain
[239].
The light-harvesting ability of all the chlorophyll-based hybrids was studied by absorp-
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tion spectroscopy, Figure 7.7A. To enable an accurate interpretation, the same analysis was
performed for the isolated chlorophyll molecules by diluting a Spirulina maxima extract in
ethanol, as illustrated in Figure 7.6.
Figure 7.6: Absorption spectra of ethanolic solutions of chlorophyll with concentration values
of 3× 1016 (chl-1), 3× 1017 (chl-2) and 3× 1018 molecules·cm−3 (chl-3).
The Spirulina maxima-related spectrum reveals two main components at 415nm and
665nm ascribed to the monomer form of chl-a, and two shoulders around 465nm and 648nm
attributed to the contribution of chlorophyll b (chl-b) monomers, Figure 7.7A. The larger
relative intensity of chl-a, compared with that of chl-b points out a larger concentration of
the chl-a species. The two main absorption bands of chl-a are ascribed to pi − pi∗ transitions,
where the high-energy component in the blue region (415nm) is termed a Soret band, and the
low-energy one in the red spectral range (648nm) is ascribed to the S0(0)− S1(0) transition
[314, 315].
After the incorporation of the Spirulina maxima extract into the hybrid hosts, the spectra
reveal minor changes, when compared with those of the solutions, as illustrated in Figure 7.7A
for selected hybrid materials. Such minor changes can be correlated to the acid environment,
to which the precursor suspensions were submitted over the course of acid catalysed sol-gel
transition. A slight blue shift is observed for the maximum wavelengths of the UV-Vis peaks
in the spectra of the chlorophyll extract, assigned to the conversion of chl-a to pheophytin-a,
when the porphyrinic Mg2+ is replaced by two H+ at low pHs [316]. The spectra are clearly
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Figure 7.7: Absorption spectra of (A) chl-a, chl-b [315], and chlorophyll extract in an ethanolic
solution [105M ] and of (B) tU5-chl-3 and dU6-chl-3.
dominated by the chl-a contribution, reinforcing that the chlorophyll extracts are mainly
from chl-a. Whilst for the Soret band a blue shift of ∼ 474 cm−1 (∼ 8nm) is detected; the
S0(0) − S1(0) transition broadens and deviates towards the red 159 cm−1 (7nm) for both
hybrid hosts, with respect to the absorption spectrum of the chlorophyll extract solution.
This red-shift of the S0(0) − S1(0) transition points out the formation of dimers [314, 317]
and the emission broadening observed after the incorporation of the chlorophyll in the hybrids
is probably related to changes in local structure of the chlorophyll molecules due to the rigidity
of the host [241], as demonstrated by ATR/FT-IR, Figure 7.4. The absorbance around 615nm
can be ascribed to the presence of dimers in solid state. We note the presence of excited states
within 450-550nm (marked with an asterisk in Figure 7.7B), most likely due to the presence
of carotenoids as contaminants [318].
When excited within the region of the absorption spectra, the emission of the chlorophyll-
based hybrids is visible to the naked eye in the red spectral range, Figure 7.8.
To discern the contribution of chl-a and chl-b, the fluorescence spectra of the ethanolic
solution with Spirulina maxima extract incorporated into the hybrids were compared with
those arising from ethanolic diluted solutions containing only chl-a and chl-b molecules, Figure
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Figure 7.8: Photographs of (A,B) dU6-chl-3 and (C,D) tU5-chl-3 under (left) white light and
(right) UV illumination at 365nm.
7.9A and B.
In good agreement with that suggested by absorption spectroscopy measurements, the
emission spectra of the Spirulina maxima extract resemble those of chl-a, whose emission
peak lies at around 675nm. We note that the typical emission of chl-b around 650nm
is not discerned. The broadening of the chl-a emission spectrum for the case of Spirulina
maxima suggest that chl-a experiences distinct microenvironments in the extract [319]. After
the extract incorporation into the hybrids, the emission spectra depend on the chlorophyll
concentration, Figure 7.9B. For the less concentrated samples, the room-temperature emission
spectra are dominated by the overlap between the blue-green emission attributed to electron-
hole recombination occurring in the urea groups and within oxygen defects in the siliceous
skeleton of the hosts [278, 280] and the chl-a fluorescence peak in the red spectral region [314],
as illustrated in Figure 7.9B.
Increasing the chlorophyll concentration, the relative intensity of the hybrid host emis-
sion decreases, Figure 7.9B, suggesting the presence of efficient hybrid-to-chlorophyll energy
transfer since more molecules are located near the hybrids emitting centres, as suggested by
ATR/FT-IR data, Figure 7.4. This means that there is a higher number of amide-based
emitting centres transferring energy to the chlorophyll molecules, thus contributing to a con-
tinuous decrease of the hybrids radiative transitions. The emission spectra for the lowest
concentrated sample, Figure 7.10, make it obvious that the t-U(5000)-based samples show
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Figure 7.9: Emission spectra of (A) chl-a and chl-b in diluted [10−5M ] ethanolic solution
from [320, 321] and chlorophyll extract and (B) dU6-chl-4 and dU6-chl-1 excited at 360nm.
Excitation spectra of (C) chl-a and chl-b in diluted [10−5M ] ethanolic solution from [322]
and chlorophyll extract and (D) dU6-chl-4 monitored at 460nm and 675nm.
a more efficient energy-transfer process between the host and the chlorophyll molecules that
the d-U(600)-based ones, in good agreement with the ATR/FT-IR analysis, Figure 7.4, that
suggests a larger chlorophyll interaction over amide groups in t-U(5000)-based hybrids com-
pared with the d-U(600) ones. The presence of two distinct chl-a related components (675nm
and 720nm) in all the emission spectra points out the formation of aggregates in the solid
state, Figure 7.9B, and Figure 7.10) [317]. Also, by increasing chlorophyll concentration it
is possible to observe a red-shift in the emission peak, relatively to the absorption spectrum,
suggesting the presence of J-dimers [323], Figure 7.10.
Focusing our attention on the chlorophyll related emission, it is noticeable the presence of
a main component at 675nm and a shoulder at 720nm is noticeable, and ascribed to the chl-a
monomeric and dimeric contributions, respectively [314, 324]. Another component is present
at 645nm (most evident for the d-U(600)-based samples), see Figure 7.10, is also ascribed
to microenvironments of chl-a emission [320]. Lowering the temperature to 11K, whereas
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Figure 7.10: Room temperature emission spectra of (A) dU6-chl-1, (B) dU6-chl-4, (C) tU5-
chl-1 and (D) tU5-chl-4 excited in the blue region (410-435nm).
for the d-U(600)-based samples, the spectra are dominated by the host contribution, for the
t-U(5000), apart from an increase in the relative intensity of the hybrids intrinsic emission,
the spectra are analogous to those acquired at 300K, Figure 7.11.
Figure 7.11: Emission spectra (11K) of dU6-chl-3 and tU-chl-3.
Comparing the absorption and the emission spectra of the chlorophyll solutions the Stokes-
shift is 314 cm−1 (14nm), Figure 7.12. Upon the incorporation of the chlorophyll in the d-
U(600) and t-U(5000), there is a decrease in the Stokes-shift to values below 66 cm−1 (3nm)
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and 133 cm−1 (6nm) for the t-U(5000) and d-U(600) based samples, respectively, Figure 7.12,
tentatively attributed to an increase in the rigidity of the chromophore environment that ex-
cludes non-fluorescent relaxation to a ground state [325, 326]. Although the Stokes-shift for
the hybrids-based samples is significantly lower than that measured for the chlorophyll solu-
tions, Figure 7.12, the Stokes-shift increases with increasing concentration for both hybrids,
indicating that greater intermolecular interactions are occurring between the hybrid and the
chlorophyll chromophore molecules.
Figure 7.12: Room temperature absorption (purple dashed line) and emission spectra of (A)
chl-2, (B) chl-3, (C) dU6-chl-2, (D) dU6-chl-3, (E) tU5-chl-2 and of (F) tU5-chl-3 excited at
415nm.
Figure 7.9C,D show the excitation spectra of an ethanolic diluted solution of chl-a and
chl-b and the excitation spectrum of an ethanolic solution with Spirulina maxima extract.
All the spectra resemble the absorption spectra, Figure 7.7, revealing essentially the main
bands ascribed to chl-a excited states. Figure 7.9D illustrate the typical excitation spectrum
monitored within the chlorophyll maximum emission peak (675nm) and within the hybrid
emission band (460nm). The former reveals the characteristic bands of chl-a, as already no-
ticed in the absorption spectrum, Figure 7.7B, despite a minor blue-shift when compared with
the excitation spectrum of the solution of chlorophyll extract, Figure 7.9C and Figure 7.13.
Moreover, we note that the contribution of the hybrid host excited states to chlorophyll-
related emission cannot be neglected as the excitation spectrum monitored within the host
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Figure 7.13: Room temperature excitation spectra monitored at different wavelengths for (A)
tU5-chl-1, (B) dU6-chl-4, (C) tU5-chl-1 and (D) dU6-chl-4. The spectra for the ethanolic
solutions (A,C) chl-1 [10−5M ] and (B,D) chl-4 [10−2M ] are also shown.
emission broad band overlaps with that monitored within the chl-a band, in particular in
the UV spectral region (250-400nm). When the excitation spectrum is monitored within the
hybrid emission band (460nm) the hybrid-related excited states appear as expected for both
d-U(600) and t-U(5000), Figure 7.13, showing excitation maxima peaking between 350nm and
370nm, depending on the monitoring wavelength [241, 278]. The presence of the hybrid states
in this spectral region are in good agreement with the hypothesis of hybrid-to-chlorophyll
energy transfer. The excitation spectra of both chlorophyll-based hybrids remain practically
unchanged when the concentration varies, apart from minor changes in the relative intensities,
Figure 7.13.
Further evidence of hybrid-to-chlorophyll energy transfer was found by time-resolved fluo-
rescence measurements of chlorophyll solution incorporated in both hybrids, namely, through
the calculation of the fluorescence lifetime for selected samples. The emission decay curves
were selectively monitored for the hybrid host (445nm) and the chl-a excited states at 675nm.
In all cases, the experimental curves are well described by single exponential functions, Figure
7.14.
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Figure 7.14: Room temperature emission decay curves of (A) dU6-chl-1, (B) dU6-chl-3, (C)
tU5-chl-1 and (D) tU5-chl-3 excited at 390nm and monitored at 455nm, 640nm and 675nm.
The solid lines represent the best fit to the data (r2 > 0.99) using a single exponential function.
The respective residual plots are shown on the right-hand side.
The lifetime values monitored within the hybrids emission band, Table 7.1, are lower than
those previously reported for the isolated hybrids d-U(600) (∼ 2-15 × 10−9 s) [327] and t-
U(5000) (30.2 ± 0.2 × 10−9 s) [241]. Moreover, the lifetime values obtained monitoring the
chlorophyll emission band are similar, Table 7.1, to those previously reported for chl-a in
ethanolic solutions (6.1 ± 0.2 × 10−9 s) [319]. The decrease in the lifetime of the hybrid
host excited states is in good agreement with the hybrid-to-chlorophyll energy transfer [261].
Moreover, we also note that the hybrids lifetime values slightly decrease (5-6 %) as the con-
centration increases from dU6/tU5-chl-2 to dU6/tU5-chl-3, Table 7.1, suggesting an increase
in the non-radiative transition probability at higher chlorophyll concentrations.
The emission properties were further quantified through the measurement of the absolute
emission quantum yield (q, Table 7.2), as function of the excitation wavelength (360-530nm)
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Table 7.1: Emission lifetime values (τ±0.1, 10×−9 s) of the chlorophyll-based hybrid materials
excited at 390nm and monitored at distinct wavelengths (λe, nm)
λe (nm) dU6-chl-2 dU6-chl-3 tU5-chl-2 tU5-chl-3
445 7.6 7.2 7.6 7.2
650 5.3 5.4 5.6 5.8
and of the chlorophyll concentration. For all samples, the absolute emission quantum yield is
higher when the excitation wavelength is resonant with the chl-a Soret band (370 and 410nm).
However, at higher chl-a concentrations (dU6/tU5-chl-4), the absolute emission quantum
yield values are very similar, within the experimental error, and maximal (0.16 ± 0.02) for
the tU5-chl-2. This value is analogous to that measured for the chlorophyll diluted solution,
pointing out that the incorporation in t-U(5000) and d-U(600) did not contribute to an
emission quenching and that the optical properties of the extract are well preserved in the
solid state (at the concentration values in analysis). We note that, despite analogous absolute
emission quantum yield values, as the concentration increases from samples dU6/tU5-chl-1 to
dU6/tU5-chl-3, the relative intensity of the chlorophyll-emission with respect to that of the
hybrid host is larger, Figure 7.9B. Therefore, featuring PV-related applications, samples with
a larger contribution of chlorophyll emission (dU6/tU5-chl-2 or dU6/tU5-chl-3) are preferred
as low energy photons (chlorophyll emission compared with those from the hybrid) coincide
with larger Si-based PV devices efficiency.
When the concentration is increased, the absolute emission quantum yield values of the
dU6-chl-4 and tU5-chl-4 samples decrease to 0.03 ± 0.01 and 0.05 ± 0.01, respectively. Nev-
ertheless, these absolute emission quantum yield values are larger than those found in the
solution with the same concentration (0.02 ± 0.01), indicating that at higher chlorophyll so-
lution concentrations the hybrid hosts may prevent partial dye agglomeration. The strong
quenching of the absolute emission quantum yield for the more concentrated samples means
these are not viable for use in LSCs.
Focusing our attention on the less concentrated samples and aiming at selecting the
chlorophyll-based hybrids with larger potential to maximize the performance of LSCs, Figure
7.15A, it is relevant to quantify the light harvesting ability [119], by the overlap integral given
by Eq. 2.12 [156]. The spectral overlap is illustrated in Figure 7.15B (shadowed area). The
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Table 7.2: Integral overlap (O, ×1020 photons·s−1 · m−2), absolute emission quantum yield
(q), molar extinction coefficient (ε, ×105M−1 ·cm−1) and brightness (B, ×104M−1 ·cm−1) of
the chlorophyll-based organic-inorganic hybrids. The subscript indexes in q, ε and B indicate
the wavelength (nm).
O q370∗ q410∗ ε370 ε410 B370 B410
dU6-chl-1 - 0.11 0.12 -
dU6-chl-2 3.0 0.12 0.08 2.7 2.2 3.3 1.8
dU6-chl-3 7.3 0.07 0.07 1.1 1.5 0.8 1.1
dU6-chl-4
-
0.03 0.03
-
tU5-chl-1 0.09 0.014
tU5-chl-2 2.0 0.10 0.16 1.5 1.9 1.5 3.0
tU5-chl-3 5.3 0.09 0.15 0.8 1.4 0.7 2.1
tU5-chl-4 - 0.04 0.05 -
∗The absolute emission quantum yield error is 10 %.
maximum value was calculated for dU6-chl-3, as listed in Table 7.2, indicating a potential to
absorb 17 % of the solar photon flux on the surface of the Earth (4.3×1021 photons·s−1 ·m−2)
[5]. The observed increment of O as the concentration increases results from the larger ab-
sorbance measured at higher concentrations.
Figure 7.15: (A) Photograph of dU6-chl-3 LSC (1× 1 cm2) under AM1.5G illumination. (B)
Absorption spectra (left axis) for dU6-chl-2 (green line) and dU6-chl-3 (orange line) and
AM1.5G photon flux (right axis); the shadowed area represents the overlap integral O; (C)
2D-cross correlation between the EQE (%) and the excitation spectrum (PLE, a.u.) intensity
for dU6-chl-2.
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Further quantification of the light harvesting ability can be performed using the Beer-
Lambert law, to calculate the molar extinction coefficient (ε, M−1 · cm−1), where the chl-a
concentration was estimated following a methodology described elsewhere [328]. The values
were quantified for the Spirulina maxima extract in ethanolic solution and after the incorpo-
ration in the hybrids, Table 7.2. The values found for the ethanolic solutions resemble those
previously reported (7.0 × 104M−1 · cm−1, at 665nm), Table 7.3. After the chl-a incorpo-
ration in the hybrid, despite a small decrease in the molar extinction coefficients at 665nm,
Table 7.3, there is an increase in the UV spectral region ascribed to the contribution of the
hybrid host excited states in the UV.
Table 7.3: Molar extinction coefficient (ε) at 665nm for chlorophyll ethanolic solutions and
chlorophyll-doped hybrids.
Designation ε (×104M−1 · cm−1)
chl-2 6.9
chl-3 6.9
dU6-chl-2 3.7
dU6-chl-3 5.7
tU5-chl-2 3.5
tU5-chl-3 4.7
Refractive index dispersion curves and thickness (10-13× 10−6m) of the films were mea-
sured by spectroscopic ellipsometry, Figure 7.16. The reported values for the thickness and
refractive index are the average of three measurements performed for each sample with a
maximum standard deviation of 1 %, see Table 7.4. These films were only used to ensure the
refractive index of the materials as will be shown later.
Another relevant parameter for LSC performance is the trapping efficiency (ηt) that ac-
counts for emission losses at the surface [136]. The ηt values depends on the refractive index
(n) of the optically active layer at the emission wavelength. The trapping efficiency can
be calculated from the dispersion curve data in Figure 7.17, using Eq. 2.2, considering np
at the emission wavelength (in this case, 670nm). This parameter determines the fraction
of photons confined within the substrate, accounting for the emission losses at the surface
through a so-called escape cone with an aperture angle θc = 2 × sin−1(1/np). Attending to
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Figure 7.16: Ellipsometric parameters Ic (black triangles) and Is (blue circles) measured for
the active layer of (A) d-U(600), (B) t-U5000, (C) dU6-chl-2, (D) tU5-chl-2, (E) dU6-chl-3,
(F) tU5-chl-3; the lines represent the best data fit (r2 > 0.9).
Table 7.4: Thickness values of the films prepared by spin-coating on a glass substrate.
Designation Thickness (×10−6m)
d-U(600) 10.650± 0.107
dU6-chl-2 11.200± 0.112
dU6-chl-3 10.900± 0.109
t-U(5000) 12.200± 0.122
tU5-chl-2 13.500± 0.135
tU5-chl-3 12.900± 0.129
155
Sustainable luminescent solar concentrators
the dispersion curves of the chlorophyll-based hybrids, (1.49 < n < 1.50 at 675nm), trapping
efficiency values 75 % are predicted, Figure7.17.
Figure 7.17: Dispersion curve of the refractive index for the (A) d-U(600) and (B) t-U(5000)
based samples.
The B values were calculated for the hybrids with larger q values, Table 7.2, and are
analogous to those reported for other organic-dye molecules, with radiation emission in the
530-650nm range [329, 330]. We note a decrease of B as the concentration of chl-a increases
for both ureasil hosts, mainly due to the concentration quenching.
Based on the results, dU6-chl-2, was selected to be tested as planar LSCs (1.0×1.0×0.3 cm3
and geometrical gain, G = 3.3) because it combines larger B values with higher integral
overlap at lower chlorophyll concentration doping, Table 7.2. The LSC performance was
quantified by ηopt ±∆ηopt through Eq. 2.14 and Eq. 2.19, yielding ηopt = 3.70± 0.01 % and
ηopt = 5.55± 0.01 %, respectively, in the total incident spectral range.
In an attempt to compare these values with those in the literature, care must be taken, in
what concerns the LSC geometry, emitting range and the use of external devices to enhance
LSC performance, as all these aspects directly contribute to ηopt. We note that considering
single planar red/NIR emitting LSCs without back-reflectors, the value from Eq. 2.14 can only
be directly compared with that reported for the t-U(5000)/SiNc LSCs (ηopt = 1.50± 0.01 %)
[156], as a similar definition was used to estimate ηopt, Table 7.5. In what concerns the
ηopt derived from Eq. 2.19, it has been used to quantify the performance of visible (blue,
green or red)-emitting devices based on organic synthetic dyes, Table 7.5. Independently of
the followed ηopt definition, the results here highlight the potential of the chlorophyll-based
hybrids as a sustainable alternative for LSCs.
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Table 7.5: Emission peak wavelength (λem, nm) and ηopt (%) of red/NIR emitting LSCs
based on dyes and QDs embed in distinct hosts. ηopt values calculated from
a Eq. 2.14,
b Eq. 2.19, c Integrating sphere and d no definition is mentioned. PMMA=poly(methyl
methacrylate); DCJTB=4-(dicyanomethylene)-2-tert-butyl-6-(1,1,7,7-tetramethyljulolidin-4-
yl-vinyl)-4H-pyran; LR305= Lumogen F-Red 305; PLMA=poly(lauryl methacrylate).
Materials λem ηopt Reference
dU6/chl-2 675
3.70a
this work
5.55b
tU5/SiNc 780 1.5a [156]
PMMA/Coumarin 6
502
6.7b
[331]
Epoxy/Coumarin 6 7.4b
PMMA/DCJTB 555 3.84b [210]
PMMA/LR305
610
2.77b [232]
4.8b [332]
dU6/LR305 9.2c [155]
PLMA/CISeS-ZnS QDs 840 3.27d [172]
PLMA/Si QDs 815 2.85d [232]
Measurements performed in an LSC aged during 7 months under ambient conditions show
no variation in its performance. Moreover, the photo stability of the LSC was also assessed
by measuring the ILSC under continuous AM1.5G illumination (1000W ·m−2). The temporal
relative variation of the short-circuit current reveals that the LSC is stable with a minor rel-
ative variation (∆ILSC/I
L
SC ∼ 1%) after 40h, Figure 7.18. An analogous result demonstrating
the ability of the organic-inorganic hybrid hosts to efficiently incorporate and stabilize organic
dyes and lanthanide-based organic complexes for LSC applications was already reported [159].
The active role of the chlorophyll-based LSC in enhancing PV device performance was
inferred from the calculation of the EQE, Eq. 2.22, on the PV device in the presence of the
LSC. As can be noticed in Figure 7.15C, the EQE dependence on the wavelength correlates
well with the excitation spectrum of the active layer. For the LSC based on dU6-chl-2, the
EQE variation is more noticeable in the UV/blue region between 300 and 440nm (EQE=
0.2022 ± (2 × 10−4) %), benefiting from the fact that in the UV/blue spectral range, the Si
PV device has lower performance. Also, in that region the chlorophyll-based hybrids display
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Figure 7.18: Temporal relative variation of the short-circuit current of dU6-chl-2.
larger sunlight harvesting and conversion efficiency, Table 7.2.
The effective contribution of the LSCs on the PV device was further quantified by coupling
the LSC to a Si-based PV device and calculating the PCE Eq. 2.21, yielding PCE= 0.10 ±
0.01 % and confirming that the use of chlorophyll-based LSCs as external devices for Si-based
PV devices is advantageous. The highest value for PCE involving single planar LSCs coupled
to Si-based PV devices (c-Si) without back-reflectors was reported for PbSe QDs (4.74 %)
[332]. In what concerns single dye-based LSCs, lower values were found, Table 7.6. An
increase in dye-based LSCs performance was only reported in the case of LSCs based on more
than one emitting centre, like the co-doping with two dyes, as listed in Table 7.6. The value
found for chlorophyll-based LSCs although smaller than the previous examples, is higher than
that reported for planar Ln3+-based LSCs.
This highlights the potential of the proposed approach in the use of natural-based dyes
for the production of new and sustainable materials with tailored optical properties applied
as efficient layers to energy conversion, enhancing the efficiency of commercial PV cells. We
note that PCE is dependent on the optical properties of the semiconductor used to fabricate
the PV cell. The PCE values reported for dye-doped LSCs coupled to GaAs- and CIGS-based
PV cells are also listed in Table 7.6.
As mentioned, the PV cell coupling to the LSCs edges is a very interesting strategy for
PV urban integration, as LSCs could be embedded in facades, roofs, windows and walls and
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Table 7.6: PCE (%) values of single-layer planar LSCs coupled to different PV de-
vices. Ac-Tc=antracene-tetracene; PDMS=polydimethylsiloxane; C440=Coumarin 440;
DSF=disodium fluorescein; Alq3=tris-(8-hydroxyquinolinato) aluminium; PVB =polyvinyl
butyral; CRS040=fluorescence yellow dye.
Materials PV Cell PCE (%) Reference
dU6/chl-2
c-Si
0.10 this work
dU6/LR305 0.31 [155]
PMMA/LR305 0.51 [175]
Perylene/LR305 0.57 [181]
PMMA/Perylene 1.59 [333]
PLMA/PbSe QDs 4.74 [332]
PMMA/Ac-Tc cocrystals 2.5 [334]
PMMA/LR305-perylene perinone 3.4 [335]
PDMS/C440-DSF 4.62 [336]
Epoxy/Alq3-DCJTB 5.3 [337]
t-U(5000)/Eu3+ complex 0.007 [136]
PVB/Eu3+ 0.0499 [272]
PMMA/CRS040-LR305 GaAs 7.1 [112]
PMMA/LR305 CIGS 8.14 [178]
coupled to efficient and small PV cells, allowing everyday buildings to be transformed into
harvesting machines. We note that PCE= 0.10 % indicated that the chl-based LSC will be
able to provide for the PV cell an output electrical power, P elout = 10
−4W , Eq. 2.21. To
increase this value, the scaling-up of the chl-based LSCs is required to permit its use as large-
area devices applicable as PV windows able to supply enough energy, as the one delivered
from a USB port and to charge low-voltage devices (e.g. such as mobile phones, sensors, wi-fi
routers, Table 7.7.
Simulations of the performance of larger dimensions LSCs were carried out using a Monte
Carlo ray-tracing approach, to demonstrate the feasibility of scaling-up the proposed chl-based
LSC. As detailed in the next section, an average electrical power of 4W can be provided by
a 50 cm-wide waveguide (As = 2.5× 10−2m−2) unequivocally demonstrating the potential of
the chl-based LSCs for PV integration.
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Table 7.7: Typical values for the electrical power interval available at a USB port and required
to charge small electronic devices. The number and size of dU6-chl-based LSCs needed are
also indicated. ∗ Estimated minimum surface area for a chl-based LSC (thickness of 1 cm)
based on Monte-Carlo ray-tracing simulations.
Power (W ) LSC As (m
2)∗
PC USB 2.5 1.5× 10−2
D
ev
ic
es
Mobile phone 5 3.0× 10−2
Tablets 12 10−1
LED lamps 2.3-18 1.2× 10−2
Movement sensors 0.32-0.45 2× 10−3
Wi-fi routers 0.85-11 5× 10−3
7.2.2 Modelling
The thickness of the simulated chl-based layer (∼ 10−3m) is much larger than that of the
light coherent length (∼ 10−7m), thus, interference effects were neglected.
The inputs of the Monte Carlo ray-tracing simulation consist of the solar spectrum
AM1.5G (280-1600nm, photons with angle of incidence between −45◦ and 45◦), the ab-
sorption and emission spectra, the absolute emission quantum yield and dispersion curve of
each LSC. Furthermore, we consider a thin layer of air underneath the LSC.
The description of the simulation is described in Chapter 5. In this case, the photon
desired step size is 2× 10−2 cm.
The output of the simulation yield to ηopt = 3.47 ± 0.01 % for the dU6-chl-2 LSC with
1.00× 1.00× 0.25 cm3. This value is very close to that found experimentally (3.70± 0.01 %)
and to the value estimated through the ηopt definition based on the LSC main losses, Eq. 2.9,
(2.4 %).
The good-agreement between the ray-tracing prediction and the experimental results,
points out that the simulation describes the main optical features and allow us to use the
experimental device parameters to estimate the optical performances potentially achievable
using waveguides of increasingly larger area or slab thickness [112, 232].
The ηopt was also estimated for lager area LSCs to discuss the feasibility of scaling-up
the chl-based devices. A constant thickness of 10−3m (typical value for a glass window)
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was considered in all the simulations and As was varied (10
−4 < As < 10−2m2). For these
dimensions, ηopt is approximately constant (4.61± 0.01 %, Figure 7.19A, which indicates that
optical conversion efficiency can still be maintained at a relatively high level for larger devices.
The PCE can be related to ηopt through the efficiency of the PV solar cells (PCE= ηPV ηopt).
Therefore, based on the experimental PCE value of 0.1 %, we may estimate the As value
expect to produce the desired P elout, though
P elout = ηPV ηoptAsIAM1.5G (7.1)
where ηPV is the Si-PV cell efficiency (4 % accordingly to the manufacturer) and IAM1.5G =
1000W ·m−2. For a set P elout = 4W we estimate that an LSC with As = 2.5 × 10−2m2 is
required.
Figure 7.19: (A) Monte Carlo ray-tracing optical conversion efficiency as function of the LSC
surface area and (B) predicted output electrical power (the shadow area highlight the power
vs surface required for low-voltage devices).
7.3 R-PE based luminescent solar concentrators
Here, we present LSCs composed of a glass container and based on bundles of cylindrical
hollow-core POFs. The glass container and the fibres hollow-core were filled with aqueous
solutions at different concentrations of R-PE, which is a phycobiliprotein, extracted from
Gracilaria sp. algae. The R-PE solutions absorb in the UV/visible spectral range (300-
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550nm) and convert this radiation into red-emission (550-700nm) with a maximum absolute
emission quantum yield of ∼ 0.39. In this section, LSCs with distinct geometries are reported,
in which the R-PE emission yields ηopt values up to ∼ 6.88± 0.01 % and ∼ 4.74± 0.01 % for a
planar device and for a bundle of cylindrical LSCs, respectively, which are the largest values
known for liquid-based LCSs using sustainable emitting centres. Moreover, the coupling of
the LSCs to commercial Si-based PV devices yielded PCE values of ∼ 0.27± 0.01 % (planar)
and ∼ (23.03±0.01)×10−3 %, (bundle). These values illustrate the potential of this approach
for the development of natural-based LSCs meeting the requirements of reliable, sustainable
and competitive energy systems.
7.3.1 Optical characterization of the R-PE solutions as LSCs optically ac-
tive layer
The c-LSCs were based on hollow-core POFs with distinct diameter values, Figure 7.1B, re-
sulting in different geometrical gain factors (G). The POFs fabricated using a semi-industrial
fibre optic manufacturing facility [158] and cut with length l ∼ 5× 10−2m. The hollow-core
was filled with the RPE solutions with a syringe. The edge coupled to the PV device was
sealed with a polymeric resin NOA68r, while the opposite one was kept open. The individual
POFs were assembled into bundles, Figure 7.1B. The p-LSCs were fabricated using a optical
glass cuvette (CM Scientific) with dimensions tailored to fit the PV cell surface, as illustrated
in Figure 7.1A.
Figure 7.20 shows the emission spectra of the R-PE based solutions which are formed by
a broad band typical of R-PE fluorescence [245], whose relative intensity depends on the dye
concentration. For the less concentrated solutions (RPE-1 to RPE-5), the room-temperature
emission spectra is dominated by the R-PE characteristic emission with one component cen-
tred around 577nm and the other around 632nm. The presence of two distinct dye-related
components in the emission spectrum points out the formation of dye aggregates [338]. In fact,
by increasing the concentration, the relative intensity of the low-energy component (655nm)
increases and the main peak (577nm) red-shifts around 6 nm, suggesting the presence of
J-dimers [323].
The excitation spectra, Figure 7.21A, are dominated by the RPE-excited states in the
visible spectral range, revealing also the presence of components in the UV/blue (320-440nm)
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Figure 7.20: Emission spectra of the R-PE solutions excited at 498nm.
attributed to the chromophores' singlet states. The band at 278nm arises from amino acid
residues of the apoprotein [339].
The emission properties of the aforementioned samples were also quantified through the
measurement of the absolute emission quantum yield (q, Table 7.8), as function of the exci-
tation wavelength (310-540nm). Although a maximum absolute emission quantum yield is
observed under excitation in the visible range (498nm), as the concentration is increased, this
value decreases from 0.37±0.04 (RPE-1) to 0.16±0.02 (RPE-9). These values are lower than
those previously reported on literature of 0.82-0.85 [340, 341], found for R-PE in phosphate
buffers and for less concentrated samples (∼ 10−15M) [340].
Table 7.8: Integral overlap (O, photons·s−1·m−2), molar extinction coefficient (ε, M−1·cm−1),
absolute emission quantum yield (q) and brightness (B, M−1 · cm−1) as function of the R-PE
concentration ([R-PE], M). The ε, q and B values refer to 498nm.
Solution
[R-PE] O ε
q
B
(×10−7) (×1020) (×106) (×105)
RPE-1 0.4 0.9 1.7 0.37± 0.04 6.2
RPE-2 1.7 2.1 1.0 0.39± 0.04 4.0
RPE-3 2.1 3.0 1.3 0.34± 0.03 4.2
RPE-4 2.5 3.8 1.4 0.32± 0.03 4.5
RPE-5 3.3 4.8 1.4 0.30± 0.03 4.0
RPE-6 4.2 5.5 1.4 0.28± 0.03 3.7
RPE-7 5.8 6.9 1.5 0.25± 0.03 3.8
RPE-8 7.5 8.0 1.6 0.24± 0.02 3.2
RPE-9 17 10.4 1.5 0.16± 0.02 2.2
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Figure 7.21: (A) Excitation monitored at 580 nm and (B) absorption spectra of the R-PE
solutions.
The light-harvesting ability of all the R-PE aqueous solutions relative to the AM1.5G
spectrum presented in Figure 7.22A was studied by absorption spectroscopy. Figure 7.22B
shows the absorption spectra of three selected R-PE aqueous samples (absorption spectra of
all samples in Figure 7.21), which resemble the excitation spectra above mentioned, apart
from the presence of a component around 590-690nm, probably ascribed to the presence
of other phycobiliproteins, such as phycocyanin and allophycocyanin [124]. There are no
significant spectral changes in the absorption spectra as the concentration is varied, although
the absolute absorbance value increases with concentration, Figure 7.21B and 7.22B. The
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absorbance dependence on the concentration was rationalized by the calculation of the molar
extinction coefficient values (ε), revealing that with exception of the low-concentrated solution
(RPE-1, 0.4× 10−7M), analogous values within 1.3-1.9× 106M−1cm−1 were found, in good
agreement with previous studies in the literature [340, 341].
Figure 7.22: (A) Solar photon flux on Earth at AM1.5G, (B) absolute absorbance of RPE-2
(blue line), RPE-5 (red line) and RPE-9 (green line) and (C) integral overlap between the
solar photon flux and the absolute absorbance.
Moreover, in order to quantify the ability of the LSCs to absorb the sunlight available
for PV conversion, the overlap integral between the R-PE solutions absorption spectra and
the solar irradiation on Earth through Eq. 2.12 was calculated. The O values increase with
increasing concentration, Figure 7.22C and Table 7.8. The maximum calculated O value
indicates that the RPE-9 (17×10−7M) aqueous solution have the potential to absorb ∼ 27 %
of the solar photon flux on the Earth (4.30× 1021 photons·s−1 ·m−2) [156].
Light emission efficiency and light harvesting ability can be related by the molar brightness
B [266], allowing both properties to be compared across distinct samples. The B values were
calculated as function of the R-PE concentration, Table 7.8, and are one order of magnitude
larger than those reported for other organic-dye molecules, with radiation emission in the
530-650nm range [329, 330]. We note that the larger B values are found in the concentration
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region between RPE-3 and RPE-7 solutions. At higher concentrations, namely for RPE-8
and RPE-9, B decreases due to the concentration quenching, as suggested from the emission
spectra analysis. At lower concentrations RPE-1 and RPE-2 the q values are higher, resulting
in larger B values although the absorption coefficient is decreased.
Taking advantage of the ability of the R-PE solution to harvest the AM1.5G radiation
and convert it into visible emission, the solutions were incorporated into hollow core POFs,
Figure 7.1B, allowing the fabrication of c-LSCs based on natural dyes in a liquid medium. The
fabrication of these short-length c-LSCs aims at establishing the potential to design large area
c-LSCs made from the assembling of POFs filled with the R-PE aqueous solution in bundle
structures. As Figure 7.23A illustrates, when illuminated by AM1.5G solar radiation, the
orange-red emission of the R-PE based solutions is guided to the edges of the device through
total internal reflection.
Figure 7.23: Photographs of the (A) c-LSC based on RPE-9 solution coupled to the PV device,
(B) bundle structure of c-LSCs based on RPE-6 solution and of (C) p-LSC (with reflective
tape) based on RPE-5 solution coupled to PV device and under AM1.5G illumination (scale
bars: 1× 10−2m).
Also, as evidenced in Figure 7.24, the emission intensity guided in the PMMA cladding is
larger (∼ 2 times) than that in the hollow-core.
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Figure 7.24: (A) Cross-section optical microscopy images of the c-LSC under white light
illumination (scale bar: 3 × 10−4m), (B) hyperspectral image of a selected area and (C)
corresponding emission spectra measured in the core and PMMA regions.
Another parameter that contributes to nt is the distance r from the fibre centre at which
the emission occurs which, for a POF with external diameter R, is given by Eq. 2.4 [202],
with a maximum value near the surface, that decreases as r approaches the centre of the POF
(Figure 6.7). We note that for the geometry here proposed, for both cases of G∼ 7 and G∼ 9,
average values of 0.37 were calculated (Figure 7.25).
Figure 7.25: Trapping efficiency (ηt) as function of the ratio r/R (Eq. 2.4).
The refractive index of the R-PE solutions was measured using a refractrometer at 22◦C
yielding a value of n ∼ 1.3335 at 589nm. The refractive index of the glass cuvette used in
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the p-LSC was measured by spectroscopic ellipsometry. The ellipsometric parameters and
the dispersion curve of are shown in Figure 7.26
Figure 7.26: (A) Ellipsometric parameters Is (open circles) and Ic (open triangles) measured
for the glass cuvette. The solid lines represent the data best fit; (B) dispersion curve of the
cuvette glass of the p-LSC.
The relative performance of the c-LSCs based on a single POF was quantified by the
estimation of ηopt through Eq. 2.14 for all the c-LSCs based on a single POF (Table 7.9),
whose maximum values (ηopt = 0.16 ± 0.02 %) were found for the c-LSCs (G ∼ 7) with the
concentration of the solutions within RPE-4 and RPE-7.
Table 7.9: Optical conversion efficiency (ηopt, %) values of R-PE based c-LSCs made of a
single POF.
Solution G∼ 7 G ∼ 9
RPE-1 0.137± 0.004 0.073± 0.003
RPE-2 0.153± 0.005 0.093± 0.003
RPE-3 0.105± 0.003 0.091± 0.003
RPE-4 0.193± 0.006 0.089± 0.003
RPE-5 0.162± 0.005 0.065± 0.002
RPE-6 0.164± 0.005 0.077± 0.003
RPE-7 0.151± 0.005 0.058± 0.002
RPE-8 0.101± 0.003 0.085± 0.003
RPE-9 0.134± 0.004 0.102± 0.004
The performance of the c-LSCs was also evaluated by measuring ILSC as function of the
incident wavelength and calculating the EQE of the PV devices coupled to the c-LSCs. For
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all the c-LSCs, the maximum EQE values for the PV device are well correlated with the
peaks found in the absorption spectra of the active layer (Figure 7.27 and Figure 7.28),
with the larger EQE variation between 500 and 600nm. The maximum value of EQE=
0.1647 ± 0.0002 % was found for the c-LSC with G∼ 7 filled with RPE-6 aqueous solution.
The effective contribution of this c-LSCs on a PV device was also quantified by estimating
the PCE value as 3.2± 0.1× 10−3 %.
Figure 7.27: Cross correlation between the photodiode EQE and the absorption spectrum of
the coupled LSC based of the illustrative examples of (A) RPE-1, (B) RPE-2, (C) RPE-3,
(D) RPE-4, (E) RPE-5, (F) RPE-6, (G) RPE-7, (H) RPE-8 and (I) RPE-9 for LSCs with
G ∼ 7.
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Figure 7.28: Cross correlation between the photodiode EQE and the absorption spectrum of
the coupled LSC based of the illustrative examples of (A) RPE-1, (B) RPE-2, (C) RPE-3,
(D) RPE-4, (E) RPE-5, (F) RPE-6, (G) RPE-7, (H) RPE-8 and (I) RPE-9 for LSCs with
G ∼ 9.
7.3.2 Bundle of c-LSC and p-LSC
The previous results point out that POFs filled with R-PE solutions can be used to
fabricate c-LSCs and that the use of optically active centres dispersed in a liquid medium in
LSCs presents some advantages when compared to the case of a solid matrix LSC. For instance,
the concentration of the solutions can be easily varied [299, 300, 302, 304], liquids are easily
moulded to the container geometry, the performance of the solar cells at the edges of the
LSC is fixed and constant, removing the variability when comparing different fluorophores
and concentrations [304], and liquid solutions can be easily replaced when compared with
materials that undergo a phase exchange to solid [208].
To demonstrate the potential of the proposed approach, it is necessary to enlarge As
and, consequently, PCE values which will permit to envisage the application in PV cell to
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supply low-power consumption devices. Therefore, to enhance the PV cell performance in the
presence of a LSC, As was increased following two approaches: i) c-LSCs based on ten POFs
assembled into a bundle structure, Figure 7.23B, and ii) p-LSC based on a glass container,
Figure 7.23C. The solutions with concentration values within 3.3-4.2 × 10−7M (RPE-5 to
RPE-6) combine larger absolute emission quantum yield, brightness and integral overlap,
and, therefore, they were used to fabricate a bundle of c-LSC and a p-LSC. When coupled
to a Si-based PV device maximum ηopt ± ∆ηopt values of 2.71 ± 0.07 % and 5.55 ± 0.15 %
(4.74± 0.01 % and 6.88± 0.01 % when using 2.19) respectively, were found. These values are
larger than those reported for c-LSCs formed of a single POF. Also, the PCE values found for
the p-LSC and c-LSCs bundle were 0.27±0.01 % and (2.30±0.02)×10−3 %, respectively. EQE
measurements were performed showing good correlation with the absorption spectra, yielding
maximum values of 2.7134± 0.0002 %, for the p-LSC (Figure 7.29). It is worth noting that,
considering LSCs based on natural organic dyes, the ηopt value of the p-LSC here reported is
higher than the recently reported p-LSC based on chlorophyll with ηopt = 3.70±0.01 % [128].
Figure 7.29: Cross correlation between the PV cell EQE and the absorption spectrum of the
coupled p-LSC based on RPE-5.
As far as we know, only p-LSCs in which the optically active centres are dispersed in liquid
medium were reported. All the studies refer to the use of synthetic dyes or QDs in organic
solvents, rather than natural dyes in water. The ηopt values calculated in the present work
(ηopt = 5.55 ± 0.01 %) are among the highest values in the literature (Table 7.10). Higher
values were only reported for LSC based on synthetic dyes (Rhodamine B [208], Red F [208,
306], KI , Sulphorhodamine 101, BASF-402 and BASF-241 dyes) [303], and PbS QDs [206].
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Table 7.10: Reported ηopt (%) and PCE (%) values for cylindrical (c-LSCs) and planar (p-
LSC) LSCs based on active centres dispersed in distinct liquid media. The concentration ([
], M) of the active enters on the liquid media, the LSC surface area As (l × w, cm2) and
geometrical gain (G) are also presented.
Medium Active centre [ ] As (G) ηopt PCE Ref.
c-
L
S
C
s
Water R-PE 4.2× 10−7 3.5× 1.4 2.7 0.02
This work
(6) (Si)
p
-L
S
C
s
Water R-PE 3.3× 10−7 2.0× 2.0 5.55 0.27
(2) (Si)
PPC/EG
RhB
-
15.3
- [208]
LDS698 3.6
LDS821 ∼ 10−4 2.9
Cl- benzene
MDMO-PPV ∼ 10−3 2.5× 7.6 5.9
MEH-DOO
-
(16)
5.0
-PPV
Red F 8× 10−6 19.8
Toluene CdSe/ZnS 3× 10−6 1.6
TX-100
Kl
-
20.2
- [303]
S-101 5× 10 18.2
BASF-402 (3) 19.7
BASF-241 13.9
Toluene
CdSe/ZnS 3× 10−6 0.5 1.2
[206]
4.5× 1.2 (Si)
PbS 1.93× 10−4 (11) 12.6 3.2
(Si)
LC E7
Coumarin/
8× 10−3 5× 5 3.2 - [305]
Perylene (∗)
Toluene
Lumogen F
4× 10−3 2× 2 12.0 - [306]
Red 300 (∗)
Toluene
Lumogen Red
1.23× 10−7 10× 3.5 - 2.3 [342]
305 (10) (Si)
l=length; w=width; RhB=Rhodamine B, Liquid crystal Nematic=LC E7, TX-100=polymer
Triton X-100, PPC=Propylene carbonate, EG=ethylene glycol, Cl-bez= Chlorobenzene;
S-101= Sulphorhodamine 101; ∗: the information provided in the report is not enough to
perform accurate G calculations for comparison with other reported LSCs.
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Concerning PCE, care should be taken for comparison purposes, as it is dependent on the
optical properties of the semiconductor used to fabricate the PV cell. For LSCs characterized
with similar Si-PV cells, the values here reported are lower than those reported for other
LSCs with optically active centres dispersed in liquid medium (Table 7.10). In this case, a
direct comparison between the PCE values calculated in the presence of the p-LSC and of the
bundle-based LSCs cannot be made due to induced differences in the PV cell responsivity,
Figure 7.30.
Figure 7.30: Electrical power output P elout as function of the incident optical power Pin for the
PV cell as used for the p-LSC and for the bundle structure of the c-LSCs (with mask matching
Ae), for 580nm incident radiation. The solid lines represent the best data fit (r
2 > 0.99).
Nevertheless, we note that these values are higher than that reported for a p-LSC based
on optically active layers deposited as thin films, namely tri-ureasil and polyvinyl butyral
doped with an Eu3+-based beta-diketonate complexes (0.007 % [136] and 0.0499 % [273], re-
spectively), being, however, smaller that the values found for LSCs based on Lumogenr F
Red 305-doped parylene (0.57 %) [181]. The highest values for PCE (5.23± 0.01 %) involving
p-LSCs coupled to Si-based PV cells was reported using a more complex device structure with
multi-stack optical layers and back-reflector using polydimethylsiloxane doped with Coumarin
440 and disodium fluorescein, correspondent to 4.62±0.02 % for single module [336]. For QD-
based LSCs using Si PV cells, the PCE record is 4.74 % for PbSe in P(LMA-co-EGDMA) [332].
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Table 7.11: Reported ηopt (%) and PCE (%) values for cylindrical LSCs in which the optically
active layer is incorporated as coating or filling of a POF or the layers are moulded in the
shape of a c-LSC.
Optically active centre ηopt PCE Ref.
Coumarin 6/Eu(TTFA)3Phen 0.23 [343]
QDs (detailed composition
and structure are proprietary)
0.03 [207]
PbS 6.5 [180]
Eu(TTA)3 · 2H2O 1.2 0.140 [159]
Rhodamine 6G 8.0 [158]
1.1 0.058
0.02 0.001Eu(TTA)3 · 2H2O
0.06 0.001
1.52 0.074
0.33 0.018Rhodamine 6G
0.18 0.004
[157]
In what concerns the c-LSCs, our comparison can only be made for LSCs in which the
optically active layer is incorporated as coating of a POFs or the layers are moulded in the
shape of a c-LSC. Similarly to that found for the p-LSCs, any example refers to natural-based
dyes. Even though, the ηopt values here reported are higher than those known for such c-LSCs,
Table 7.11.
7.3.3 Modelling
The thickness of the active layer (∼ 10−2m) is much larger than that of the light coherent
length (∼ 10−7m), thus, interference effects were neglected.
The input of the Monte Carlo ray-tracing simulation consists in photons following the
solar spectrum probability density function AM1.5G (280-1600nm, photons with angle of
incidence between −45◦ and 45◦), the absorption and emission spectra, the absolute emission
quantum yield and refractive index of the R-PE aqueous solutions (n ∼ 1.3335) and the
dispersion curve of the cuvette glass. Furthermore, we consider a thin layer of air underneath
the LSC.
The description of the simulation is described in Chapter 5. In this case, the photon
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desired step size is 2× 10−2 cm.
The simulations (106 photons) were performed for a p-LSC with dimensions of 2.00×2.00×
1.00 cm3 and as function of the concentration of the RPE solution. The optical conversion
efficiency was predicted considering all the photons reaching the edge (ηopt, %) and considering
only the fraction of converted photons (η′opt, %), Table 7.12. In what concerns ηopt, the values
are nearly independent of the concentration except for the more concentrated solutions (RPE-
8 and RPE-9) for which a decrease is noticed. This decrease may be rationalised based on
the absolute emission quantum yield decrease, induced by the formation of dye-aggregates at
higher concentrations. If only the fraction of converted photons is taken into consideration,
η′opt is nearly constant only in the concentration range of RPE-3 to RPE-7 solutions. Whereas
the lower ηopt and η
′
opt values found for low concentrated solutions (RPE-1 and RPE-2) arise
from lower ε (despite the higher q), those of the higher concentrated ones (RPE-8 and RPE-9)
are mainly caused by the decrease in q (despite the higher ε).
Table 7.12: Simulated optical conversion efficiency values considering all the photons reaching
the edge (ηopt, %) and only the fraction of converted photons (η
′
opt, %) for p-LSCs using R-PE
solutions with different concentrations.
Solution ηopt η
′
opt
RPE-1 5.787 0.000
RPE-2 6.013 0.236
RPE-3 6.423 0.906
RPE-4 6.350 0.980
RPE-5 6.284 1.171
RPE-6 6.168 1.234
RPE-7 5.870 1.250
RPE-8 5.321 0.978
RPE-9 3.448 0.418
Taking also into consideration the integral overlap (O, Table 7.8) and the simulation results
in Table 7.12 and , the RPE-5 solution displays the better optical performance at lower dye
concentration and that was the rationale behind the selection of this solution for the fabrcation
of the p-LSC. We note that only the ηopt values are directly comparable with the experimental
ones, as it is not possible to experimentally neglect the contribution of non-converted AM1.5
guided photons (even if no direct radiation is incident on the PV cell). In this case, we
highlight that the simulated ηopt value for RPE-5 (6.28± 0.01 %) are in good agreement with
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that experimentally determined (5.55 ± 0.01 %), pointing out that the simulation describes
the main optical features [112, 232]. The larger simulated values indicates that the device
may be further optimised, in particular the PV cell coupling.
7.4 Conclusions
In this chapter, natural-based LSCs made of chlorophyll molecules dispersed in organic-
inorganic ureasil hybrids were studied. The chlorophyll-based active layer displays a large
overlap with the solar irradiance on Earth, (absorption at 300-450nm and 600-850nm) and
emission spectra centred around 675nm. At low chlorophyll concentration values
(1017 molecules·cm−3), the optical properties (fluorescence lifetime, absolute emission quan-
tum yield and brightness) are preserved after the incorporation into the hybrids hosts. The
optimised hybrid sample (ηopt = 3.70± 0.01 %) was tested as LSC coupled to commercial Si-
based PV devices, revealing an effective contribution to its performance, namely, an increase
in the PCE (0.10± 0.01 %).
Also, natural-based LSCs made of R-PE aqueous solutions were studied. These optically
active centres display large overlap with the solar irradiance on Earth (absorption at 300-
700nm) and emission spectra centred around 580nm. LSCs composed of R-PE aqueous
solutions with distinct concentrations were tested (4.2× 10−8 to 1.7× 10−6M), as well as the
effect of the geometrical gain (G ∼ 7 and ∼ 9) on the performance. The best performance
found for c-LSCs was for the case of the hollow-core fibre with G ∼ 7 filled with the aqueous
solutions with R-PE concentration of 4.2× 10−7M . Also, the fibre LSCs were assembled in a
bundle structure, which yielded ηopt and PCE values of 2.71±0.07 % and (2.30±0.02)×10−3 %,
respectively. Nevertheless, the top performance device of this work was a p-LSC based on a
glass cuvette, with ηopt and PCE values of 5.55± 0.01 % and 0.27± 0.01 %, respectively.
The use of natural red/NIR emitting dyes, such as chlorophyll and R-PE molecules as
optically active centres in LSCs, demonstrate the potential of nature-inspired LSCs as a
relevant step towards cheap and sustainable PV energy conversion.
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Chapter 8
General conclusions and
perspectives
In this chapter, I will briefly summarize the main results presented and discussed through-
out the different chapters of this thesis.
The main objectives of this thesis were achieved. Here, we produced and characterized
transparent organic-inorganic hybrids with controlled thickness and refractive index using
PMMA with incorporated Ln3+-based ionogels, and organic-inorganic hybrids with incor-
porated Eu3+ ions and organic dyes, such as Rhodamine 6G, Rhodamine 800, SiNc and
chlorophyll molecules, and R-PE based aqueous solutions, which were in turn used to pro-
duce LDS layers and LSCs. Although LDS layers were produced and characterized, most
of the work done was based on LSCs with cylindrical and planar geometries. Experimen-
tal results were validated through Monte-Carlo ray-tracing simulations, which were used to
estimate the performance of LDS layers and LSCs.
The main conclusion of this thesis is that the incorporation of natural-based molecules
provides a sustainable approach to LSCs, as the results presented for planar and cylindrical
LSCs incorporating such molecules are comparable to those reported for non-natural based
LSCs, and are therefore a definite step towards reliable, sustainable and competitive energy
systems.
Several physical and chemical challenges were addressed over the course of this thesis in
order to produce LDS layers and LSCs. The physical challenges are related with: the dimen-
sion of the LSCs, planar LSCs can be scaled up as predicted by Monte Carlo Ray-tracing;
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geometry, planar and cylindrical geometries were studied, and it was shown that the indi-
vidual waveguiding features of each fibre in the bundle contribute to reduce reabsorption, as
lower performance values were estimated for a planar LSC with analogous surface collection
area and light-harvesting absorbance, and the number of optically active centres can be in-
creased while ensuring large G values by varying the diameter of the core. In what concerns
chemical challenges, the absolute emission quantum yield of NIR-emitting centres, as well as
the contrast between the refractive indices of the waveguide and the optically active mate-
rials must still be increased, and the concentration of optically active materials should be
optimised in order to obtain the highest brightness possible without forming non-luminescent
aggregates.
Optically active centres that emit in the NIR range are well-suited for optimising LDS
layers and LSC devices, as the coupled Si PV cells have maximum absorption in this spectral
range. Here, LDS layers and LSCs with PMMA doped with Tb3+-, Eu3+-, Y b3+- and Nd3+-
based ionogels were produced and studied. These optically active centres absorb mainly in
the UV spectral region (300-400nm) and their emission is centred in the visible-NIR spectral
region. The performance of the LDS layers based on Eu3+ coupled to c-Si PV cells was
studied, and an absolute increase in PV cell EQE of 25 % was observed between 300-360nm.
These results are very promising and among the highest values reported for absolute EQE
increase in the UV spectral region for PV cells coated with LDS layers. Furthermore, LSCs
based on Eu3+ and Tb3+ were produced showing promising results. In what concerns PMMA
doped with Y b3+ and Nd3+-based ionogels, the performance of the LDS layers and LSCs did
not increase due to the low absolute emission quantum yield of the materials. Moreover, the
use of PMMA doped with Ln3+ based ionogels demonstrated the potential of these materials
in the production of LDS layers and LSCs for use in devices that are highly efficient and
resistant to ambient conditions.
We also used SiNc, a NIR-emmitting dye, due to its wide coverage of the solar spectrum
(absorption at 300-450nm and 600-850nm) and emission centred around 785nm, where
the fraction of radiation absorbed by Si-PV cells is high. The incorporation of this dye
into a tri-ureasil organic-inorganic hybrid matrix enabled it to be easily coupled to PV cells
without affecting the photophysical properties of SiNc. Thin dye-doped hybrid films (F/t-
U(5000)/SiNc) with an absolute emission quantum yield of 0.17 and a lifetime of 3.7ns
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were produced and their performance as LSCs was evaluated, achieving an ηopt ∼ 1.5 % and
EQE values exceeding 20 % in the UV region. The SiNc-based tri-ureasil is, therefore, an
intriguing example of a NIR layer for LSC devices. Moreover, the mechanical features of
the emitting layer provided by the hybrid host open up new opportunities for flexible NIR
waveguiding photovoltaics, with additional advantages compared to planar rigid LSCs, such
as, for instance, wearable solar-harvesting fabrics for mobile energy.
As mentioned above, challenges for LSCs are related with increasing the geometrical
gain and, consequently, the concentration factor that quantifies the overall performance of a
LSC. For this reason, both planar and cylindrical LSCs were fabricated. LSCs based on a
novel cylindrical and flexible geometry were produced by filling PMMA plastic optical fibres
with the optically active hybrids. This all-polymer fibre-LSC benefits from large area and
is lightweight, towards low-cost solar-energy harvesting. This innovative approach presents
advantages relatively to coated plastic optical fibres such as environmental protection for
the layer, opening the gate to explore a large number of architectures involving hollow-core
fibres. Also, one of the goals of this thesis was to modify the outer geometry of the LSCs
to allow easier coupling between them, and form a LSC matrix (bundle), that maximizes
the coverage area of a square PV cell. These variations in the LSC configuration resulted in
distinct geometric gain factors and thus, one of the objectives was to study the impact of this
factor in the performance of LSCs. In this context, a new triangular geometry for hollow-core
LSCs was presented, filled with an organic-inorganic hybrid doped with Eu(TTA)3 · 2H2O,
Rh6G or Rh800. The Rh800 dye allowed the fabrication of NIR emitting LSCs, which are
scarce in the literature. The standalone fibre LSCs presented a maximum ηopt of ∼ 2.1 %,
observed for the Rh6G-based ones. The fibres were assembled in bundles, and coupled to c-Si
PV cells and EQE measurements were performed. The EQE curve of the PV cell resembled
the excitation spectra of the optically active layer in use. The construction of large area LSCs
based on easily-assembled triangular POFs minimizes self-absorption and transport spectral
losses at the interface between adjacent fibres, as each fibre behaves as an individual LSC.
Furthermore, this methodology enables the light harvesting and emission spectral ranges to
be tuned to absorb the solar irradiation and to match the efficiency of the target PV cell,
respectively, pointing out the suitability of these LSCs in real applications.
Challenges for the luminescent layer also include the use of abundant and sustainable
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natural organic molecules. In the search for a sustainable approach to LSC design and pro-
cessing, photosynthesis may be an inspiring natural mechanism if PV solar energy conversion
is compared to an artificial photosynthesis stopped short. In photosynthesis, chlorophyll is
responsible for sunlight harvesting, and its emission properties in the red-NIR spectral region
are resonant with the absorption of the most used Si PV cells. In this thesis, natural-based
LSCs made of chlorophyll molecules dispersed in organic-inorganic ureasil hybrids were stud-
ied. The chlorophyll-based active layer displays a large overlap with the solar irradiance on
Earth, (absorption at 300-450nm and 600-850nm) and an emission spectrum centred around
675nm. At low chlorophyll concentrations (1017 molecules·cm−3) the optical properties (flu-
orescence lifetime, absolute emission quantum yield and brightness) are preserved after the
incorporation into the hybrid hosts. The optimised hybrid sample (ηopt = 3.70 ± 0.01 %)
was tested as a LSC coupled to commercial Si-based PV devices, revealing an increased PCE
(0.10± 0.01 %) and thus effectively improving the performance of the cell.
In addition, R- phycoerythrin (R-PE), which is a phycobiliprotein, extracted from Gracilaria
sp. algae was also used in different LSCs geometries, which were subsequently studied. These
optically active centres display large overlap with the solar irradiance on Earth (absorption at
300-700nm) and emission spectra centred around 580nm. LSCs composed of R-PE aqueous
solutions with distinct concentrations were tested (4.2 × 10−8 to 1.7 × 10−6M), as well as
the effect of the geometrical gain (G ∼ 7 and ∼ 9) on performance. The best performance
found for c-LSCs was for hollow-core fibre devices filled with the aqueous solutions with R-PE
concentration of 4.2 × 10−7M , and with G ∼ 7. The above fiber LSCs were also assembled
into bundles, which yielded ηopt and PCE values of 2.7 % and 22.2 × 10−3 %, respectively.
Nevertheless, the best performing device was a p-LSC based on a glass cuvette, with ηopt and
PCE values of 5.55 % and 0.27 %, respectively.
The use of natural emitting dyes, such as chlorophyll and R-PE molecules as optically
active centres in LSC, demonstrates the potential of nature-inspired LSCs as a relevant step
towards cheap and sustainable PV energy conversion.
In conclusion, to charge every-day devices such as mobile phones, tablets and LED lamps,
LCSs must and can be scaled-up. In fact, LSCs have already been implemented in full-scale
solar noise barriers. It is thus evident that LSCs are a promising technology with efficiencies
able to compete for a place in the renewable energy market.
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The aforementioned results were validated through the implementation of a Monte Carlo
ray-tracing simulator to predict the performance of LDS layers and LSCs as a function of
the geometry and materials (absorption and emitting spectral range and absolute emission
quantum yield).
Finally, a short note about the potential supply disruption of Ln3+, or rare earth elements.
These elements are crucial in the transition to a green economy, due to their essential role in
a large variety of technologies (permanent magnets, lamp phosphors, catalysts, rechargeable
batteries and photonics) and are, therefore, in high demand [344, 345]. The low concentration
in which they are present in the Earth’s crust makes economic exploitation difficult and the
consequent potential risk of a supply disruption is a present concern [346, 347]. Although risk
analysis lies completely outside the scope of this thesis, the relatively small amount of these
elements that are used (the optically active layers contain typically an amount of Ln3+ ions
less than 10-20 %, in weight) makes that potential shortage not so problematic, relatively to
what can be anticipated in other research areas.
Future work for LDS layers should include the evaluation of the performance of the LDS
layers in function of the thickness of the layers in order to see how reflectance varies in such
conditions.
Research should continue to focus on the production of hollow-core LSCs, because they
provide additional protection to the active layer, with enlarged Lc in order to increase the
exposed area and, consequently, the concentration factor. Additionally, light propagation
was also observed in the active layer, and not exclusively in the PMMA. Thus, future work
should be done towards increasing the refractive index contrast between the active layer and
the waveguide, for instance, by using different types of polymer for the POF waveguide with
increased refractive index. Also, the performance of the LDS layers and LSCs should be
evaluated under direct and diffuse radiation in order to quantify the behaviour under such
conditions. This would be a step forward in making LSCs market competitive and stimulating
the much needed change in world energy consumption.
In what concerns liquid LSCs, the use of chlorophyll molecules in solution should also
be tested encapsulated in PMMA hollow-core fibres. Although one of the focal points of
this thesis was the construction of a proof-of-concept liquid LSCs based on R-PE solutions
extracted from the red macroalgea, the stability of the dye is still a pertinent issue and
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strategies to address this issue (for instance, fluid motion to avoid over exposure of the same
molecules, preventing protein oxidation with sugar [348] or using singlet oxygen scavengers
such as dithiothreitol and n-propyl gallate that show protective effects against R-PE pho-
todegradation [349]) need to be addressed in future work. As carotenoids have been shown
to protect chlorophyll from photo-destruction [350, 351], it may also be of interest to study
non-purified samples incorporating chlorophyll and carotenoids should be of interest as well
as non-purified R-PE solutions. The incorporation of the R-PE solution in hosts like organic-
inorganic hybrids or PMMA should be optimized in order to obtain the emission properties
of the R-PE molecules with the mechanical properties and protection to photo-degradation
of the host.
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Chapter 9
Appendix A - Experimental
techniques
9.1 X-ray diffraction (XRD)
XRD patterns were recorded using a Philips XPert MPD powder X-ray diffractometer.
The samples were exposed to CuKα radiation (1.54 A˚) in a 2θ range between 1.00 and 70.00
◦
with a step of 0.05 and time-acquisition of 40 s per step.
9.2 29Si magic-angle spinning (MAS) nuclear magnetic reso-
nance (NMR) and 13C cross-polarization (CP) MAS NMR
spectra
The 29Si MAS NMR spectra were recorded with a Bruker III Avance 400 and Bruker III
Avance 500 (9.4T ) spectrometer at 79.49 and 100.62MHz, respectively. 29Si MAS NMR
spectra were recorded with 2µs (ca. 30◦) rf pulses, a recycle delay of 60 s and at a 5.0 kHz
spinning rate. 13C CP/MAS NMR spectra were recorded with 4µs 1H 90◦ pulses, 2ms
contact time, a recycle delay of 4 s and at a spinning rate of 8 kHz.
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9.3 Thermogravimetric analysis (TGA)
The TGA experiments were acquired from room temperature up to 800◦C using an In-
struments Shimadzu TGA-50 thermobalance at a heating rate of 10◦C ·min−1. The purging
gas employed was dried nitrogen supplied at constant flow rate (40mL ·min−1).
9.4 Attenuated Total Reflectance (ATR)/Fourier Transform
Infrared (FT- IR) Spectroscopy
ATR/FT-IR spectra were registered on a Thermo Scientific Nicolet iS50 FT-IR spectrom-
eter, resorting to an ATR accessory with a diamond crystal.
9.5 UV/Visible Absorption
UV/visible absorption spectra were measured using a Lambda 950 dual-beam spectrom-
eter (Perkin-Elmer).
9.6 Photoluminescence Spectroscopy
The photoluminescence spectra were recorded at room temperature with a modular double
grating excitation spectrofluorimeter with a TRIAX 320 emission monochromator (Fluorolog-
3, Horiba Scientific) coupled to a R928 Hamamatsu photomultiplier. Emission decay curves
were recorded at room temperature on a Fluorolog TCSPC spectrofluorometer (Horiba Sci-
entific) coupled to a TBX- 04 photomultiplier tube module (950V ), a 200 × 10−9 s time-to-
amplitude converter with a delay of 70×10−9 s. The exciting source was a Horiba/JobinYvon
pulsed diode (NanoLED-390, peak at 388nm, 1.2× 10−9 s pulse duration, 1MHz repetition
rate, and 150× 10−9 s synchronization delay).
9.7 Absolute Emission Quantum Yield
The absolute emission quantum yield values were measured at room temperature using a
C9920-02 Hamamatsu system. The method is accurate within 10 %.
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9.8 Spectroscopic ellipsometry
9.8 Spectroscopic ellipsometry
The dispersion curves were experimentally determined through spectroscopic ellipsometry
using an AutoSE ellipsometer (HORIBA Scientific). The measurements were made with a
total of 250 points out of the absorbance wavelength range of each material, an incidence
angle of 69.8◦, a signal to noise ratio of 25 and a measurement spot area of 250 × 250µm2.
The refractive index values of the films were calculated assuming a two-layer structure model.
The data were minimised using the Simplex algorithm. For the hybrids, the dispersion curves
were determined using Cauchy absorbent model, given by:
n(λ) = A+
B
λ2
+
C
λ4
(9.1)
where A, B and C are constants.
9.9 LSCs optical power
The optical power at the cylindrical LSCs output was estimated using a commercial pho-
todiode (IF D91, Industrial Fiber Optics, Inc.), with a wall plug efficiency to the AM1.5G
solar spectrum distribution of 4 % coupled to the LSCs, according to the coupling scheme
in Figure 2.7a. The optical power at the bundle and planar LSCs was estimated using a
commercial c-Si PV cell (KXOB22-01X8F-ND) with an open circuit voltage of 4.7V under
AM1.5G illumination.
9.10 External quantum efficiency (EQE) measurements
The EQE was estimated using a monocrystalline silicon PV cell (KXOB22-12X1L, IXYS),
according to the coupling scheme in Figure 2.7b. ISC measurements according to excitation
wavelength were performed (to estimate EQE values) using a 150W xenon lamp as the light
source coupled to a monochromator (Triax 180, Horiba Scientific), controlled by a LabVIEW
routine. The ISC values of the PV cell were measured using a semiconductor device analyser
(B1500A, Keysight Technologies). The power of the incident beam (Pin) was measured with
an integrating sphere (ISP 150L, Instrument Systems) connected to a detector (MAS40-121,
Instrument Systems).
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9.11 Optical microscopy
Optical microscopy images were obtained by an Olympus BX51 brightfield microscope (10
objective), in the reflection mode, equipped with a hyperspectral imaging system (CytoViva
Inc., Auburn, AL). The system integrates an optical imaging CCD camera (QImaging Retiga
4000R), a visible-NIR hyperspectral camera (Cytoviva), a motorized stage and a halogen
light source (Fiber-lite, DC-950). The light scattered from the sample in the 400 to 1000nm
spectral region was captured by the hyperspectral camera at each line for each pixel in the
sample combining motion of the microscope stage. The hyperspectral scanning is vertical and
each image results from 696 lines with each pixel field-of-view on the hyperspectral images
corresponding to 1.3×1.3µm2 on the sample plane. All the hyperspectral data were acquired
and analysed using ENVI 4.8 software.
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